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Geophysical Union, Vol. 32, No. 1, February, 1951, pp 49-56. 
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ASEE Annual Convention, June 22, 1950, Seattle, Washington. 
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"An Electric Volume Counter", by D. L. Gerlough, Traffic Engineering, Sep- 
tember, 1950. 


"Erratum: On the Diffraction of an Electromagnetic Wave Through a Plane 


Screen", by J. W. Miles, Journal of Applied Physics, Vel. 21, No. 5, May, 
1950, pp 68. 


"Bxercise Treatment of the Frozen Shoulder", by H. Jampol, Physical Therapy, 
Review, Vol, 30, No. 6, June, 1950 2 
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1h, "Field Study of a Sheet Pile Bulkhead", by C. Martin Duke, presented at the 
Annual Spring Meeting of A.S.C.E., April, 1950, Los Angeles, California. 
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418} "The Integration of Library Service with Teaching and Research, in Engineer- 
ing School Libraries", by J. E. Allerding, Journal of Engineering Education, 
Vol. ll, No. 4, December, 1950, pp72h5=18, 


19. "The Interfacial Tension of Some Hydrocarbons Against Water", by W, F. Seyer 
and W. E. Rose, Journal of Physical and Colloid Chemistry, Vol. 55, No. 3, 
March 9, 1951, pp 439-LU7. 


20. “Intermittent Heating for Aircraft Ice Protection with Application to Pro-= 
pellers and Jet Engines", by Myron Tribus, ASME Paper 50-A-55, presented 
at Annual Meeting, New York, November, 1950. 


Y X21, "Laboratory Demonstration Experiment - A Link Between Fundamentals and 
Applications", by D. Rosenthal and H. Baer, Journal of Engineering Educa- 
tion, Vol, 1, No, 3, November, 1950, pp 171-175. 


¥ 22, "Microwave Spectrum of Methyl Mercaptan", by W. D. Hershberger and F, K, 
Hurd, The Physical Review, Vol. 82, April, 1951, pp 95. 
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‘Mutual Solubilities of Hydrocarbons", by W. F. Seyer, Journal of the Amer- 
ican Chemical Society, Vol. 72, pp 3162-3164, 1950 . 


“25. “A New Low Power Pulse Transformer for High Duty Cycle Operation", by W. L. 
Martin, University of California, Los Angeles, June, 1950 (M.S. Thesis) 


"A Note on Subsonic Aerofoil Theory", by J. W. Miles, The Aeronautical 
Quarterly, Vol. 2, May, 1950, pp 23-33. 


) J 27. "On Downwash Corrections in Unsteady Flow", by J. W. Miles, Journal of the 
Aeronautical Sciences, Vol. 17, No. 4, April, 1950, pp 253. 


batt te hotaseerny ott afrce o we ae, 
S spaneits Saeed gvatar RATA, Bent ORE high peer 
‘ed deat doiebvic TEwod me adhe bute “ dere hie he ele Dane. 
geobORa oH) Ea. NT wagoll oo Seined Das Yalnub Od omed ele ne 
sTOEMADE aq 4 [RL sisal cise Iya ; 


bone tetidnoeon «fl ¥ a 

ees a et dane No 
: ri ¥ Say a Ms : ; ‘ 
cNehevih ryt okt Asset ba noid iret aay es) ea trafans 0 khan. 
omaatag a act? re Yrateor Yo eanthoeook ed 


 atpepeed 4) ea agoit date ect bra etktoae? adn ookwred exatdhd: “he HOLS berm 
vials ind ny ft af kof pt ie Hot mis ms ib mt {i iB, ft o “a , Neoltemt td 
: apa a Bil ce ORL eas hapa: a +o 


ie 
Ab 


1 to ‘se be. a” 
te be eee 


ae oll ee .e on 9 blot Loo: & “is kee 
Henin erdinre tory Daehn ae 
t yt y TARE 


with it merrot ieee fitoe aoltoe rent sat devote tot saath in 


Be Fi i sbi on ton dase tecqsd a " g Bind aps ioe oi CG "Ger 


- eA ny Tg to te thoi iy geen set sa ere ni 5 wih if ete eel Ho. £2 Ae eas es : 
a cies & et Paes bi ny ML) te Wes tah i ete me es range 21 : fend Mew eens aes af ; ; 

ie pie <eeigey “ays seat 1 eeshachnuaunen eer: diesen iy ry Cie uv 

' ae ae hs del ne geet —— Mi on “f 


nf o@e ‘oy dil: ne a ie ws Brodqet pth Lepia ott Qe ni a 
Wk pe 2eel : ; 


; ne b= sees Bu gee at eben se iby " ses a a 


ame 95 ee mat 


: a: wht bene Htauolr re af ve 


ii 


a 4 ont Yo Seeman ee oo ae a Vit adadaneeuinl: 46 ae? 
Ss y ORE doles. mie “SY +f0¥ 


hale a : Me aol tn%0g0 LO YAK Ag ti ok te mnotenadt fs ve sit! 3 
| jena 2 te bein ai ie 20 | ee iy em 


a fs “ob toLMt WW ah wd imo ante t 
SORE SES a OER gthoah ol a cE 


J 36. 
37. 

J ¥, 38. 

Y 439. 


Lat 


"On the Equations of Longitudinal Stability", by J. W. Miles, Journal of 
the Aeronautical Seiences, Vol. 17, No, 12, December, 1950, p 815. 


"On the Equations of Longitudinal Stability - II", by J. W. Miles, Journal 
of the Aeronautical Sciences, Vol. 18, No. 3, March, 1951, p 212. 


"On Non-Steady Motion of Slender Bodies", by J, W. Miles, The Aeronautical 
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"Qn the Response of a Directive Antenna to Incoherent Radiation", by F, W. 
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"Residual Stress and Fatigue Strength", by D, Rosenthal and George Sines, 


Metal Progress, p 76, July 195. Vy 


) 


‘ 
) 


"A Segmented Electrical Element for Detecting Vehicular Traffic", by J. H. 
Mathewson, R. Brenner and R. J. Reiss, Proceedings of the Highway Research 
Board, 29th Annual Meeting, December, 1949, pp 37-353. 


"Servo Theory Applied to Frequency Stabilization with Speetral Lines", by 
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"Some Relations Between Harmonic and Transient Loading of Airfoils", by 
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"Some Statistical Considerations of the Jet Alignment of Rocket-Powered 
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University of California, April, 1950. 
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Chapter 50, Rinehart and Co., New York, 1950, 
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"The Summation of Fourier Series by Operational Methods", by L. A, Pipes, 
Journal of Applied Physics, Vol, 21, No. kh, April, 1950, pp 3462-316), 
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Engineers Journal, May, 1951. 


"Transient Loading of Supersonic Rectangular Airfoils", by J. W. Miles, 
Journal of the Aeronautical Sciences, Vol. 17, No. 10, October, 1950, 
pp 617-652. 


"Wetting Properties of Some Enamel Glasses and Relations to Impact Resist- 
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Air in Earthfills Assures Stability 


SPECTACULAR earthfill failures have 
been caused by too much water. in 
the fill. But when earthfill voids con- 
tain air as well as water, failure is not 
likely to result in a properly con- 
structed fill. 

Moisture and air content can be 
controlled when a fill is placed. But 
addition of fill material may increase 
the pressure so all the free air becomes 
absorbed in the water. This changes 
a well-made fill to a supersaturated 
condition and failure may result. 
Charts for field use that forecast this 
possibility have been developed by 
the author and are the subject of 
this article. 

These charts were developed after 
a suggestion by R. R. Proctor and 
Loring E. Tabor of the Los Angeles 
Department of Water and Power. 
The author was employed as a field 
engineer on construction of the Bald- 
win Hills reservoir by the city. Con- 
struction of that earthfill was checked 
by this type of chart. 


e Moisture content important—In con- 
structing a rolled fill, one of the most 
important factors is the moisture con- 
tent of the soil being compacted. The 
purpose of compaction is to make the 
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E. R. Hallett 
Los Angeles, Calif. 


fill so dense that failure by water sat- 
uration or other causes is not likely. 
For a given soil and a given method 
of compaction, a particular moisture 
content (optimum moisture content) 
of the soil will result in the most dense 
fill. 

Compaction curves are drawn to 
determine the optimum moisture con- 
tent. Unit weight (lb per cu ft) for 
several samples with different mois- 
ture content is determined to draw 
this curve. In all probability, no sat- 
urated samples will be used to prepare 
such a curve. 

When a fill consolidates (by par- 
ticles readjusting to decrease the voids 
as the fill rises), air and water in the 
voids are put under higher and higher 
pressures. With the pressure increased, 
air is absorbed by water until a sat- 
urated condition exists. (The possibil- 
ity of the air escaping from the fill 
under pressure is neglected in this dis- 
cussion. Such an omission will usually 
be on the safe side.) Then, if the par- 
ticles further readjust so as to decrease 
the voids, the entire additional load 


Field Conditions 
Specific gravity 2.60 


_ Moisture contents (% of dry weight) 


CHARTS such as this can be developed to predict pressure required to absorb air in a 


fill. This one is for a 2.6 specific gravity and a 50 F fill temperature. 


will be carried by the incompressible 
water, and the pore pressure may be- 
come very high. The friction of the 
soil may thus decrease until a slide- 
out failure of a slope occurs. The 
charts developed by the writer are 
intended to predict without calcula- 
tion just how great is the possibility 
of such a failure. 

As. rolled fills are constructed, a 
large number of field samples are 
taken to show conditions in the fill. 
Engineers can judge what future pro- 
cedural changes seem wise. Simple 
laboratory tests on the field samples 
will give moisture content, unit weight 
as found in the fill and the specific 
gravity of the soil particles. These 
values together with an estimate of 
the temperature of the completed fill 
are used in the accompanying chart. 


e Using the chart—For each combina- 
tion of specific gravity and fill temper- 
ature, a separate chart is required. For 
example, if the specific gravity is 2.6 
and the fill temperature is 50 deg F, 
the accompanying chart is used. The 
dry unit weight is plotted against mois- 
ture content. In most cases this point 
will fall within the group of curves 
plotted on the chart. For a 110-Ib per 
cu ft sample with 17% moisture con- 
tent, the plotted point falls on the 
third of the family of curves. This in- 
dicates that an additional pressure of 
40 psi will be required fully to absorb 
existing air and result in a saturated 
condition. 

For a field approximation, it may 
be assumed that increasing the height 
of a fill by 1 ft will increase the pres- 
sure by 1 psi. Thus, in the preceding 
example, an additional 40 ft depth of 
fill can safely be placed. But if more 
than 40 ft of fill is to be placed, a 
dangerous condition may develop. 
(Here the part of the weight of the 
additional fill supported by the soil 
skeleton is neglected—this being the 
side of safety.) 

To correct this condition, the engi- 
neer may attempt to reduce the mois- 
ture content of the soil that is subse- 
quently rolled. (Note that a reduction 
from 17 to 15% in our previous exam- 
ple will permit pressure to be increased 
to 140 psi.) If good compaction can 
be secured with a lower moisture con- 
tent, the safety of the fill may be 
insured by this means. If good com- 
paction cannot be obtained in the 
course of reducing the moisture con- 
tent, then more accurate calculations 


of the pore pressures that may be ex- 
pected to develop must be made. It 
may be desirable to install piezometers 
(if they are not already required) to 
determine actual pore pressure. 

In some cases, pore pressures de- 
veloped by consolidation will be dis- 
sipated through the fill if sufficient 
time is allowed. The field engineer 
in such case can reduce the rate of 
construction so that a dangerous con- 
dition does not develop. 

It is conceivable that it might even 
be necessary to redesign the structure 
to secure safety if field experience and 
office calculations indicate a danger- 
ous condition (one that cannot be 
relieved by reducing moisture content 
or slowing down rate of fill). 


e Consolidation computations—Accu- 


rate calculations of consolidation 
where the soil is not saturated (i.e. 
where both a water and an air phase 
must be considered) are apt to prove 
difficult. The Terzaghi theory of con 
solidation uses the Darcy formula to 
calculate the additional amount of 
water that will be squeezed out from 


the soil. This is then made equal to 
the decrease in volume of the soil. 
Terzaghi’s theory assumes (1) the com- 
plete saturation of the soil, (2) the 
validity of the Darcy, law, (3) a con- 
stant coefficient of permeability and 
(4) one dimensional flow (upward). 
These may not always be true. 
Modification of the Darcy formula 
by assuming polyphase flow involves 
‘the use of equations quite difficult 
for a field engineer to handle in time 
to be of any value to him in con- 
trolling the placing of a rolled earth 
fill. Thus, it appears that the alterna- 
tive to the use of a chart such as pre- 
sented herewith is to make no attempt 
at all to prevent future high pore 
pressures by controlling the rolled 
earth fill while it is being constructed. 
To attempt arbitrarily to place the fill 
in a relatively dry state may result in 
poor compaction, and use of the 


charts may indicate that it is not 


necessary to do this. 


e Basis of the chart—Computation of 
the charts involves the degree of satu- 
ration, S, which is the ratio of the 


moisture content of a soil to its mois- 
ture content at full saturation. The 
curves on the charts correspond: to 
various degrees of saturation where S 
is less than 1. The zero air voids curve 
corresponds to S = 1, or 100% sat- 
uration. 

For each specific gravity, a plot of 
unit weight against moisture content 
can be made for a saturated condition. 
The other curves on each chart are 
computed by using Henry’s Law that 
states that for a given temperature the 
amount of gas which a liquid will 
absorb is directly proportional to the 
pressure of the gas. Thus, for a given 
saturation (S), a curve can be drawn 
that is roughly parallel to the saturated 
condition curve. It then remains to 
select the saturations that will resist 
pressures of 20 psi, 40 psi, 60 psi, 
before a saturated condition exists. 

Short-cut methods can be devel- 
oped to simplify the plotting of these. 
curves. For example, the entire series 
for a given temperature can be plotted 
against five horizontal scales, each 
scale representing a particular mois- 
ture condition. 
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Applications of a Mechanical Differential 
Analyzer to Electrical Engineering 


EARL JANSSEN 


SYMBOLS 
u 


Ww 


‘ADDER 
(also subtracts) 


CONSTANT 
MULTIPLIER 


(also divides) 


¢ 


Vv 


MULTIPLIER TABLE 
(also divides) 


OUTPUT 
TABLE 


u= f(v) 
f obtained as 


Output data 
from machine 


: u obtained as 
numerical data 


from machine 


Figure 1(A). Basic components of a mechanical differential 


analyzer and their functions 


DON LEBELL 


The pertinence of the differential analyzer to 

the solution of certain types of electrical prob- 

lems is explained by citing three examples. 

These examples have to do with magnetic ampli- 

fiers, pulse transformers, and particle (electron) 
accelerators. 


HE PAST DECADE has produced an intensive and 
| Pease, series of developments in the computer 

field. Many dollars and man-hours have gone into 
computer projects with such extensive results that it has 
been difficult for the practicing engineer to obtain complete 
information on currently available computer facilities, their 
capabilities, and limitations. At the same time it is becom- 
ing increasingly important for the research and design engi- 
neer to have this information. He must be able to decide 
which computer, if any, should be employed to solve his 
particular problem. Too often, however, lack of infor- 
mation, or misinformation as to the characteristics of these 
devices, reduces the effectiveness of the engineer’s efforts. 
It is the purpose of this article to point out the application 
to electrical engineering of one such computer, the me- 
chanical differential analyzer. Accordingly, there follows a 
description of this computer and its application to the solu- 
tion of representative problems in electrical engineering. 


DESCRIPTION 


lias: OPERATING PRINCIPLES of the analyzer will be re- 
viewed briefly since the detailed features have al- 
ready been treated adequately in the literature.!~* The 
differential analyzer solves differential equations by con- 
struction within the machine of an analogue (model) of the 
equations to be studied. Quantities in the analogue corre- 
spond to variables in the equations to be solved; hence 
quantitative information about the equations can be ob- 
tained from an examination of the analogue quantities. 
Variables of the mechanical differential analyzer are repre- 
sented by angular displacements of shafts which are inter- 
connected to the various basic components of the machine. 
These basic components perform the mathematical oper- 
ations indicated in Figure 1A. ‘The particular selection and 
arrangement of components is determined by the form of 
the equations to be solved. 

The real power of the analyzer lies in the special auxiliary 
operations and functions which can be produced as indi- 
cated in Figure 1B and the convenient means for supplying 
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Figure 7 (right). Schematic 
diagram for solution of 
equation 10 


be made to behave more nearly as the actual transformer by: 


1. Considering the load resistance R, to vary as the 
actual load (perhaps a magnetron). 

2. Employing the actual nonlinear characteristics of L» 
from core saturation data. 

3. Increasing the number of loops, thereby simulating 
more nearly the distributed parameter characteristics of the 
actual transformer. 


All these refinements could be made without adding ap- 
preciable complexity to the solution of the problem as ob- 
tained on the differential analyzer. However, these refine- 
ments would create considerable difficulty in achieving a 
satisfactory solution by other methods. 


PARTICLE TRAJECTORIES 


ape DESIGN of electron tubes, particle accelerators, and 
other devices utilizing the flow of particles under the 
influence of force fields often requires information about the 
trajectories of these particles. A typical example is the tra- 
jectory of a high-speed electron in a nonlinear electric field. 
The equation of motion in the particular direction X is 


a d(mv) 
dl 


where §& is the electric field intensity; m is the mass of the 
electron; vis the velocity of the electron; and ¢ is time. 
The preceding equation becomes 


except in applications where electron velocities approach 
the speed of light, in which case 


(9) 


A Reprint From 
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x (electron 
displacment ) 


0 t (time) 
; 2-2 Figure 8 (above). Electron 
ae 4 trajectories as obtained from 
OEE the differential analyzer 
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where mois the rest mass of the electron and ¢ is the veloc- 
ity of light. Foran application of practical interest & varies 
in magnitude with distance x and sinusoidally with time; 
hence the relation 


§=E(x) sin wt 


where E(x) is obtained from test data. 
Combining this with equation 9 and integrating 


Giles 
v=— 1-—{ - E(x) sin wt dt 
Mo Cc 
atl v \2 3/9 
=— E -(2) | i f 2094 cos wt 
mow ¢ 


Equation 10 is solved on the analyzer as shown in Figure 7. 
Solutions for various field conditions are shown in Figure 8. 

The mechanical differential analyzer is capable of solv- 
ing problems which can be formulated in terms of 
linear or nonlinear ordinary differential equations with con- 
stant or varying coefficients. Certain types of partial dif- 
ferential equations also can be solved on the differential 
analyzer by special techniques. There are now other com- 
puters which possess either greater speed, accuracy, or 
versatility in particular instances. However, because of its 
particular combination of these features it is the most suit- 
able computer to employ for a large variety of problems and 
continues to be of great assistance to present-day technology. 


(10) 
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SYNOPSIS 


The generalized Euler equation (involving the tangent modulus) is used as 
a basis for column strength analysis. The influence of the shape of the stress- 
strain diagram is shown by nondimensional column curves and an envelope 
formula is derived. The effects of initial eccentricity are investigated by inter- 
action curves for combined bending and compression. Correction of test data, 
end fixity effects, and optimum design of columns are discussed briefly. 


1. Tue GENERALIZED EvLER THEORY 


The failure of members under compressive loading has long been a subject 
of great interest to the structural engineer. In aircraft structures the phe- 
nomenon of instability is the basis for many strength calculations, because 
nearly all the structure is critical under some design condition that causes 
compressive loads. The demand for minimum structural weight has had two 
important effects—it has forced the aircraft designer to use special alloys and 
it has raised the level of design stresses well beyond the proportional limit, into 
the inelastic range. This combination of circumstances has made it necessary 
to abandon many of the formulas and methods that were satisfactory for 
heavier types of construction. 

The search for more rational methods leads the investigator backward, 
chronologically, to the year 1757, when Leonhard Euler published his famous 
treatise on the strength of columns. The following quotation is taken from a 
translation? of the Euler paper by J. A. Van den Broek, M. ASCE: 

“To begin with I should indicate that this moment is not limited to 
elastic bodies, among which we have good reason to doubt that columns 


could beincluded. It concerns in essence a force by which any body resists 
a change in curvature, and it is totally immaterial whether such a body after 


Norz.—Published in June, 1949, Proceedings. Positions and titles given are those in effect when 
the paper or discussion was received for publication. 
1 Consultant, The Rand Corp., Santa Monica, Calif.; Lecturer, Univ. of California, Los Angeles, Calif. 
2*‘On the Strength of Columns,” by ieee Haier translation by J. A. Van den Broek, American 
Journal of Physics, July-August, 1947, p. 315. 
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flexure is endowed with a force to re-establish its original shape or not. For 
iN this reason we might preferably designate this moment as stiffness moment 
.) (moment de roideur) because it occurs in all bodies that resist flexure, whether 
they are elastic or not.” 


The “moment” to which Euler referred was designated by him as Ek k, 
the product of the modulus of elasticity and the square of the shape parameter. 
Today the product of HE and the moment of inertia J replaces Hk k in the 
Euler formula. 

The foregoing quotation shows that Euler did not intend to restrict his 
formula to the elastic range. Because Young’s modulus and the tangent 
modulus were unknown in Euler’s time, he could not have been more specific; 
but he left the door wide open for a general interpretation of the term F. 

Since £ is usually considered to be a constant (up to a certain stress), Euler’s 
formula is restricted to the elastic range. In 1889, F. Engesser published a 
paper’ in which he suggested that EH be considered as the slope of the compres- 
sive stress-strain diagram, commonly called the “tangent modulus.” (In a 
letter to the writer, Theodor von Kérmadn, M. ASCE, noted that he had inde- 
pendently made a similar suggestion in an early paper written in Hungarian). 
Several investigators later pointed out that this theory would not account for 
the fact that, when the strains are decreasing on one side of the column, during | 
bending, the stresses will decrease at a rate given by the elastic modulus, LZ. 
In 1909, Mr. von Kérmdn‘ made a thorough analysis of column action and 
performed some very careful experiments, by which the double-modulus (or 
reduced modulus) theory was apparently substantiated. 

The writer has shown®* that the tangent-modulus theory is actually correct 
for predicting the load at which buckling of a perfect column will begin and 
that the double-modulus theory gives the upper limit for the load as the bend- 
ing increases. Mr. von Kdrmdn’s own interpretation is clearly indicated by 
the following excerpts from his discussion of one of the writer’s papers:” 


‘“* * * the first equilibrium bifurcation from the straight equilibrium 
configuration occurs at a load given by the Euler formula when the Young’s 
modulus is replaced by the tangent modulus. * * * The definition of the 
stability limit must be revised for nonreversible processes. * * * Although 
the Euler formula with the tangent modulus does not, in general, give the 
maximum axial load to which the column can be subjected without large 

4 deflection, it is conservative and therefore advisable to use this formula for 
Xd practical computation of column loads. As I have shown in my paper of 
1909, also the load deflection curve that starts from the upper limiting load 
‘in general soon assumes a negative slope. Consequently, it is difficult to 
determine the actual peak of the axial load. It will certainly be between 
the two values that correspond to the tangent and the reduced moduli. 
These two values can be respectively designated as the lower and upper 

limits of the critical load.” 


md peierrocPunaee iiber Knickfestigkeit,’’ by Theodor von K4rmdén, Forschungsarbeiten No. 81, 
‘ erlin, i 
ee The Column Paradox,’ by F. R. Shanley, Journal of the Aeronautical Sciences, December, 1946, 
p. ? 
6*‘Tnelastic Column Theory,’’ by F. R. Shanley, ibid., May, 1947, p. 261. 
1 Tbid., p. 267. 


e 8 Zeitschrift fur Architektur und Ingenieurwesen, 1889. 
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The generalized Euler formula (which should perhaps be designated the 
Euler-Engesser formula) may now be written as 


in which P is an axial load on the column; £; is the tangent modulus; and L is 
the length for a column with pinned ends. (The effects of end restraint are 
discussed in Section 8.) 

To obtain the average axial stress f corresponding to the load P, Eq. 1 is 
divided by the cross-sectional area: 


RUE ae comnts aw? EB, 
Arps ta = [Lp sb hy 08 oneal a (2) 


in which p? = I/A defines the least radius of gyration. 

The following statement may be used as a basis for further discussion: The 
generalized Euler equation gives the load at which a perfect column will begin 
to bend. 

The word “perfect”? is used to describe a hypothetical centrally loaded 
straight column of uniform cross section and homogeneous material properties. 
It should be noted, too, that only primary bending failure is involved, not the 
bending that would result from a local instability failure. The statement takes 
care of another point that has sometimes caused confusion, It is well known 
that, in the elastic range, the buckling load is not a constant but increases with . 
increasing deflection. In fact, for very large deflections the load required to 
maintain equilibrium may be considerably greater than the Euler load. In 
the inelastic range, too, it is possible for the column load to exceed the load 
given by the tangent-modulus formula, as previously noted. In both these 
cases, however, the generalized Euler formula is correct for predicting the load 
at which bending (or buckling) begins. 

There are now two questions to answer: 


(a) Shall the theoretical load at which bending of a perfect column begins 
be taken as the upper limit for structural design? 

(b) How is this load further reduced by various imperfections that may 
exist in the actual structure? 


It should not be difficult to agree on the answer to the first question. In 
the elastic range the column load will not exceed the Euler value by any appre- 
ciable amount until the bending deflection becomes quite large. In the in- 
elastic range the increase beyond the Euler value will depend on the variation 
of the tangent modulus with increasing stress. In the highly curved region of 
the stress-strain diagram (sometimes termed the knee) the tangent modulus 
drops very rapidly with increasing stress (shown subsequently in-Fig. 5); 
consequently very little increase in load would be obtained. In the so-called 
plastic range, beyond the knee of the diagram, the tangent modulus usually has 
a relatively low value and does not change rapidly with increasing strain. The 


8‘*An Introduction to the Theory of Elasticity,” by R. V. Southwell, Oxford Univ. Press; Oxford, 
England, 2d. Ed., p. 434, Fig. 114. 
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maximum column load will therefore approach that predicted by the double- 
modulus theory,® which permits a relatively large increase for low values of i : 


It is doubtful whether any structural engineer would wish to take advantage of 
this factor in actual design, because in this region an increase in stress will 
involve a large amount of permanent set. It seems logical, therefore, to regard 
the beginning of the bending in a perfect column as the upper limit for struc- 
tural purposes. 
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Figs. 1,4 2,!° and 3" show how test data compare with the generalized Euler 
equation. As denoted by the caption, the specimens for Fig. 1‘ were steel, 
of rectangular cross section, and were loaded through knife-edges. (The 
tangent-modulus column curve has been added.) The test points approach 
the double-modulus curves more closely in the region that lies well above the 
proportional limit. Mr. Van den Broek’s tests!® were made with square bars 
of 24ST aluminum alloy (see Fig. 2), using spherical steel loading blocks. (The 
symbol 24ST denotes a trade designation by which the alloy is commonly 
recognized. In the drawings, stresses are abbreviated ksi for kips—or thous- 
ands of pounds—per square inch, and psi for pounds per squareinch.) Fig. 3" 
shows the results of tests made by the Research Laboratories of the Aluminum 


9‘*The Double-Modulus Theory of Column Action,” by William R. Osgood, Civil Engineering, March, 
1935, p. 174, Fig. 2. 


10**Column Formula for Materials of Variable Modulus,’’ by J. A. Van den Broek, The Engineering 
Journal, December, 1945, p. 772. 


1 ‘‘Column Strength of Various Aluminum Alloys,” by R. L. Templin, R. G. Sturm, E. C. Hartmann, 
and M. Holt, Technical Paper No. 1, Aluminum Research Laboratories, Pittsburgh, Pa., 1938. 
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Company of America, in Pittsburgh, Pa. The specimens were 17ST aluminum 
alloy of round cross section and were tested with flat ends (in these tests a 
fixity coefficient of 4 was developed). 

It would be possible to devote the remainder of this paper to the reproduc- 
tion of test data that show excellent agreement with the generalized Euler 
theory. Figs. 1, 2, and 3, however, should be sufficient evidence that the 
theory can be substantiated experimentally. In fact, it is doubtful whether 
any other structural theory could be verified so accurately by tests covering 
such a wide range of variables (materials, shape, method of loading, and end 
fixity). Even the departure of the test points from the tangent-modulus curve 
is predicted by the theory, as explained previously. 

Although it may be agreed that the generalized Euler equation represents 
the upper limit for column strength, the engineer will very properly raise the 
second question, previously noted, regarding the reduction in strength caused 
by imperfections. The major imperfections may be classified as follows: 


(a) Variations in material properties; 

(b) Eccentricity of load application; 

(c) Initial crookedness of the column; and 
(d) Effects of end conditions: 


Items (b) and (c) are usually classed together, since their effects are very 
similar. The effect of end conditions should probably be regarded as a separate 
problem, not as a type of imperfection. The difficulty in this case is the calcu- 
lation of the degree of end restraint in actual structures. 

Before these subjects are considered, it will be helpful to review some of 
the methods that are used in the engineering application of the generalized 
Kuler theory. 


2. ENGINEERING APPLICATION OF THE COLUMN THEORY 


To one who has not actually tried to use the tangent modulus in the Euler 
equation the lack of a formula that can be solved on a slide rule may appear 
to be a disadvantage. Actually, however, the entire column curve for a given 
material can be obtained in a few minutes, directly from the stress-strain dia- 
gram. The slope at various stress values is obtained by a straightedge.” 
These values of the tangent modulus may then be used, together with the 
corresponding stresses, to solve Eq. 3 (presented subsequently) for the slender- 
ness ratio. It is interesting to plot the values of the tangent modulus against 
stress. This method will aid in obtaining a smooth curve and will also reveal 
how the stiffness of the material decreases as the stress is increased. Mr. von 
Karman followed this procedure‘ in obtaining the column curve shown in Fig, 1. 
The curve presented by Mr. von Karmén is reproduced as Fig. 4. The reduced 
modulus is also shown in Fig. 4. It is important to note that the difference 
between the tangent modulus and the reduced modulus does not cause a very 
large reduction in stress on the column curve (Fig. 1). The reason for this 


., 2‘‘Compressive Stress-Strain Properties of Some Aircraft Materials,” by P. E. Sandorff and R. K. 
Dillon, Proceedings, A.S.T.M., Vol. 46, 1946, pp. 1039-1052. 
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can be noted by writing Eq. 2 as follows: 


At a given stress, a change in the value of the modulus will simply displace 
the column curve to the left or right, and then only by the square root of the 
ratio involved. For stress-strain diagrams with a relatively sharp knee, the 
difference between the two theories is almost negligible, over the range of 
slenderness ratios used in design. 

Fig. 5 shows the tangent-modulus curves for several materials. The 
column curves derived from these curves are shown in Fig. 6. It is quite 
evident that the shape of the column curve may vary widely between different 
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materials. With such an array of curves to be fitted, it is no wonder that 
engineers have used so many different types of empirical formulas for the 
“short-column”’ range. 

One of the very practical advantages of the tangent-modulus method is 
that there is no need to define the “short column.’”’ One formula covers the 
entire range and it is impossible to make the mistake of using the wrong 
formula. It would be well to abandon the term “‘short column.” 

Some of the other engineering advantages of the generalized Euler equation 


will become apparent in the discussion of material variations and fixity aa) 


Before considering these questions, however, two very useful engineering tools* 
will be discussed: The mathematical stress-strain diagram and the nondimen- 
sional column curve. . 
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3. MATHEMATICAL DETERMINATION OF THE TANGENT MopvuLus 


W. Ramberg and William R. Osgood,!® M. ASCE, have provided a method 
of expressing the stress-strain diagram by an equation which has the general 
form: 


in which ¢ is a strain; E is the modulus of elasticity (slope at origin); m is an 
exponent which controls the shape of the diagram; and K is a constant (see 
note under Eq. 5). 

If the constants are known, the tangent modulus may be found by differ- 
entiation. A more general solution may be obtained by writing Eq. 4 in non- 
dimensional form—which may be accomplished by dividing every value of 
stress, on the stress-strain diagram, by a base stress and every value of strain 
by a base strain. The base stress, f., is approximately equal to the yield stress 
(0.002) but is determined by drawing a line from the origin at a slope equal 
to 0.7 H. The resultant stress is designated the ‘‘secant yield stress.”’ (The 
secant method is used because it is nondimensional.) The base strain, € , is 
taken as the strain corresponding to E and fo. 

The stress-strain equation, in nondimensional form, may be written as 


SO Ra Ae : 
Sy bo 5 


in which e, = f,/E; and f, is the secant yield stress for a secant modulus equal 
to 0.7 H. The constant 3/7 in Eq. 5 results from the selection of 0.7 # for 
the secant modulus. 

Fig. 7 shows the nondimensional stress-strain diagrams for various values 
of n. It is possible to determine nm for an actual diagram by plotting it in 
nondimensional form on such a chart. Messrs. Ramberg and Osgood also 
present#® a formula for determining n by a second secant yield stress. 

The equation for the tangent modulus, in nondimensional form, may be 
obtained from Eq. 5: 

Ei 1 


Curves representing this equation are reproduced in Fig. 8.8 


4. NONDIMENSIONAL COLUMN CURVES 


The nondimensional column curve was first presented (to the writer’s 
knowledge) in 1929.4 Sometime later it was included in a handbook’ printed 
by the federal government which establishes the allowable stresses used by 


18 ‘‘Description of Stress-Strain Curves by Three Parameters,” by W. Ramberg and William R. Osgood, 
Technical Note No. 902, National Advisory Committee for Aeronautics, Washington, D. C., July, 19438. 


14 “‘Strength of Tubing Under Combined Axial and Transverse Loading,” by L. B. Tuckerman, 8. N. 
Petrenko, and C. D. Johnson, Technical Note No. 807, National Advisory Committee for Aeronautics, 
Washington, D. C., June, 1929. 

15 “‘Strength of Metal Aircraft Elements,’’ ANC-&, Army Marys Civil Committee on Aircraft Design 
Criteria, U. 8. Govt. Printing Office, Washington, D. CG. 1942. 
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airplane designers. ‘The use of the nondimensional column curve in connection 
with aircraft stress analysis was described by F. P. Cozzone and M. A. Melcon 
in 1946.16 

To reduce the column stress curve to nondimensional form, every point on 
the curve must be divided by a base value of stress, f,, and also by a base value 
of slenderness ratio, (L/p).. The stress value originally chosen by L. B. 
Tuckerman, 8. N. Petrenko, and C. D. Johnson" corresponded to the ‘‘column 
intercept” and was approximately equal to the 0.002 yield stress. If the non- 
dimensional stress-strain diagram is used as a basis, the value of f, will be the 
same as that used for Eq. 5. 

To make the Euler (elastic) curves all coincide on the nondimensional dia- 
gram, the base value of (L/p). is determined as the slenderness ratio at which 
the Euler stress equals the base stress. The equation for this point is 


EK 
= 2 TT of) NS Ce (0: elelie ‘ef eh 6 elie 0) edie: SMmNS atio folate Teiierente 
(set Ge 


The nondimensional column equation is determined by dividing Eq. 2 
by Eq. 7: 


a ap Ee (8) 
(L/p)o 
Let 
Ry = f[ferserecs once rner er (9) 
and 
° ua A cal 
Be Gietivei Pe (10) 


The terms in Eqs. 9 and 10 may be called the column stress ratio and the re- 
duced slenderness ratio. The column equation may now be written as 


E./E 
Byte eee neds inab sao ee (11) 
For the Euler (elastic) curve, E; = E, from which the Euler equation is 
1 
Ry; = Bees (12) 


The value of (L/p), is a constant for a given material and is found by 
solving Eq. 7: 


16 ‘‘Nondimensional Buckling Curves—Their Development and gpplion Hon: « by F. P. Cozzone and 
M. A. Melcon, Journal of the Aeronautical Sciences, October, 1946, p. 511 
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This form, however, conceals the physical significance of B. It is probably 
9 best to determine the constant (L/p), for the material being investigated and 
then to use that value in Eq. 10 to determine B for any given slenderness ratio. 
Messrs. Cozzone and Melcon!* show that the curves of Fig. 8 may also be 
used for any type of buckling in which the equation has the form: 


in which K is a constant; and a and 0 are the two dimensions that affect the 
buckling stress. In this more general form, 


and 


The nondimensional column curve may be derived equally well from the 
load-length curves. Thus, test data can be plotted directly in nondimensional 
form, if desired. The column load, P, is divided by the base load, P., in which 


Lo= 3 a etka are « Re eee ee ae (19) 
Then 
F 
Ry; = Foy Hee) Sab Ae Sees OR coc ea (20) 
_and 
L 
B. = git SstAia! mdBalne tf elnetictiy. (21) 


Using Eqs. 18 to 21, any nondimensional column curve may be transformed 
directly into a design curve of load versus length, for a member of given ma- 
; terial and cross section. 
® To express the nondimensional column curves in mathematical form it is 
necessary only to insert in Eq. 11 the expression for #,/EH from Eq. 6. The 
generalized column equation then becomes: 


Eq. 22 is plotted in Fig. 9,16 revealing a number of interesting points. The 

effects of varying the shape of the stress-strain diagram (by varying n) are 
greatest in the region where B = 1.0. Thus, it is apparent that the shape of 
the stress-strain diagram near the knee will have a relatively large influence 
on the column stress in this region. ~ 2 
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5. Tur ENVELOPE EQUATION 


Fig. 9 shows that there is an envelope curve representing the minimum 
values of column stress. The equation for this envelope may be obtained 
from Eq. 22: 


RyseceT Paiva teuietell eon (23) 
from which 
1 
CM eee (24) 
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Substituting the value of n in Eq. 24 into Eq. 22 gives the equation of the 
envelope curve: 
3 1 1 
Ry EE 7 @ loge Ry = RB er mri are ACI ah nic. Sc y 
Eq. 25 is based on the tangent-modulus theory, but it does not involve the 
tangent modulus; in fact, the only two material properties that enter into 
Eq. 25 are H (Young’s imodulua) and f, (the secant yield stress). The physical 
significance of Eq. 25 is evident from Fig. 10.. Together with the Euler curve, 
Eq. 25 bounds a region which encloses the column curves for all mathematical 
stress-strain diagrams (that is, all diagrams expressed by Eq, 22) that can be ‘ 
passed through the shaded area of Fig. 10(a); and it covers all positive values 
of n in Eq. 22. 
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Eq. 25 would be too conservative for most design purposes (at least for 
aircraft) since it does not permit the designer to take full advantage of available 
knowledge on the shape of the stress-strain diagram. Where weight saving is 
not too important, however, Eq. 25 could be used as a kind of over-all column 
curve for any material. It would then only be necessary to know the secant 
yield stress (the stress at which a line having a slope of 0.7 E cuts the stress- 
strain diagram) and the modulus of elasticity E. 

The resemblance of the envelope curve to a parabola shows why parabolic 
curves have been found useful in representing the ‘‘short column” range. The 
relationship of various other column formulas is shown in Fig. 11. The equa- 
tions of these formulas, in nondimensional form, are: Parabolic formula 
(exponent = 2): 


straight line formula (intercept at R; = 1.0): 


|e eel ie fos SL aioe Par are tea aii (27) 
Gordon-Rankine formula (with Ritter’s constant): 
es peecenet e (28) 
f [ape Pape Peed Gy ae -nanetap 


and Van den Broek formula:!” ° 


R= [1+ (F) - += o been dubyy Dice Fi (29) 


As a whole, the various empirical formulas form a “scatter band,” as shown 
in Fig. 11. 


6. Errects oF MATERIAL VARIATIONS 


From the discussion of nondimensional column formulas, it is obvious that 
the three primary material variables are the initial modulus of elasticity 4, 
the secant yield stress f., and the shape of the knee of the stress-strain diagram 
(indicated by n). 

It is unnecessary to consider F, as far as variations between lots of material 
are concerned. From an engineering point of view H can ‘usually be regarded 
as constant for a given material or alloy and at a given temperature. 

The secant yield stress based on 0.7 H is approximately equal to the con- 
ventional (0.002) yield stress. For material-correction purposes either type 
of yield stress may be used. In general terms it can be stated that the com- 
pressive yield stress controls the height of the left end of the column curve. In 
the nondimensional form this stress controls the value by which all the ordinates 
of the diagram are multiplied. Therefore, it is the most important property, 
as far as material variations are concerned. 

The specifications for structural materials to be used in compression should 
contain a minimum value for the compressive yield stress. The tensile yield 


11'Theory of Limit Design,” by J. A. Van den Broek, John Wiley & Sons, Inc., New York, N. Y., 
1948, p. 103, formula IX, 
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stress is sometimes a reasonably good substitute since the yield stresses in 
tension and compression are nearly the same, but this assumption can be mis- 
leading. Certain types of magnesium alloy show considerably lower yield 
stresses in compression than in tension. The “grain” (direction of rolling) 
may also have a pronounced influence (see Fig. 6). Most aluminum alloy 
sheet is straightened by stretching, which raises the tensile yield stress in one 
direction and raises the compressive yield stress in the other (cross grain). 

To be entirely safe, it would be necessary to select, as a basis for the design 
column curve, the lowest probable value of compressive yield stress and the 
“flattest’’ type of diagram likely to be obtained (minimum values for f, and n, 
when the stress-strain diagram is expressed mathematically). This procedure 
would take care of all material variations. (Theoretically the curve should 
be obtained from the two limiting values of , with the envelope curve in 
between.) 

In aircraft work many compression tests are performed to obtain allowable 
stresses for complicated types of construction. The results of such tests must 
be “reduced to standard,’’ or to minimum specified values. Several methods 
are available, but the most logical is that using the nondimensional column 
curve. All test data may be divided by the constants corresponding to the 
test material, to obtain the nondimensional diagram. To convert back to 
“standard,” the nondimensional values are multiplied by the constants for 
the standard material. ; 

Fig. 12 shows a family of column curves for a high-strength aluminum 
alloy. The effects of varying the yield stress have been determined by the 
nondimensional system, assuming that the stress-strain diagrams remain affine 
(that is, that n does not vary). 

Curves of this type may be used directly for “correcting” from one yield 
stress to another, as indicated in Fig. 12. Such curves may also be used directly 
for any type of buckling in which failure occurs by bending in one plane only, 
even though L/p is not the proper geometrical ratio. (This procedure is 
similar to the use of B for various types of buckling, as discussed in Section 4.) 


7. Tue Errects or EccENTRICITY 


The theories and formulas that have been discussed are all based on the 
conception of a perfectly straight, centrally loaded column. Since no actual 
column can fully meet this requirement, engineers have long been interested in 
the effects of eccentric loading. There is a definite need, also, for a sound 
method of design for columns that have design eccentricities of considerable 
magnitude. This problem therefore has two distinct phases: (a) The effects 
of small “incidental” eccentricities, and (b) the design of columns with known 
eccentricities. 

For the design of columns that are nominally straight, it is customary and 
logical to consider small degrees of crookedness as equivalent to a certain initial 
eccentricity. There has been much discussion of the proper value to use for 
the equivalent eccentricity in actual design work, but obviously this problem 
comes under the heading of “‘tolerances” and must be controlled by the same 
processes that are used to control other tolerances in manufacture. It will be 
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assumed, therefore, that the designer either controls this variable by suitable 
specifications, shop practices, etc., or estimates a maximum value that is com- 
patible with the kind of structures with which he is dealing. The question then 
becomes, is it necessary to make a further reduction in the column strength to 
account for the maximum probable equivalent eccentricity? 
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Before this question can be answered it is necessary to have a method of 
determining the effects of eccentricity. For the design of elastic members the 
answer is simple—use the secant formula. This well-known formula gives 
the maximum fiber stress that will be produced by a definite load (or average 
stress) in the column, provided that the stresses stay within the elastic range. 
If certain values are chosen for the eccentricity and the maximum permissible 
stress, the equation becomes a column formula. 

For a material which has a very pronounced yield point, and a ‘‘flat-topped’’ 
stress-strain diagram, the secant formula can be used by substituting the yield 
stress for the maximum permissible stress. (It is still necessary to specify the 
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eccentricity, however.) For materials that do not exhibit this characteristic 
it is impossible to select a single value of maximum stress that will make the 
formula fit the test data. Furthermore, the shape of the secant column curve 
will have no relation to the shape determined by the tangent-modulus theory 
for zero eccentricity; yet it is obvious that the eccentric column curve must 
approach the basic column curve as the eccentricity approaches zero. Because 
of these shortcomings, the secant column formula cannot be considered as 
generally satisfactory. 

The eccentric column was treated very thoroughly by Mr. von Karman, in 
1910.4 He showed that, in the elastic range, initial eccentricity simply causes 
a constantly increasing lateral deflection as the axial load is increased. The 
curves are asymptotic to the Euler load, which therefore represents the maxi- 
mum load for the eccentric elastic column. (This theory neglects the further 
increase in load at large deflections, previously discussed.) 

For the inelastic case, Mr. von K4rmdn showed that increased eccentricity 
causes greater bending strains (for the same axial load), which force some of 
the material farther into the inelastic region of the stress-strain diagram. ‘Thus, 
a lower value of effective modulus of elasticity is obtained. During loading, 
a point is finally reached where the internal resisting moment does not increase 
as rapidly as does the external moment. The external load must then decrease 
to maintain equilibrium. The maximum load reached in this process will de- 
pend on the slenderness ratio, the degree of initial eccentricity, the shape of 
the stress-strain curve, and the shape of the cross section. 

This problem is extremely complex. Mr. yon Karman solved it for a par- 
ticular material (steél) and cross section (rectangular) using the double-modulus 
theory to determine the internal resisting moment. Graphical integration 
methods were used. The resulting curves have been reproduced in many 
textbooks, but the exact solution has never been improved on, to the writer’s 
knowledge. In fact, the recent discovery that the double-modulus theory 
(which Mr. von K4rm4n used) is not strictly accurate for small deflections 
further complicates the situation. 

Mr. Van den Broek!® has developed a formula for predicting the maximum 
load of the eccentric column. He assumes, in effect, that the stress-strain 
diagram becomes substantially flat at some known value of stress and that the 
column has bent to a point where opposite edges are working in these flat 
regions, one in tension and one in compression. By making some simplified 
assumptions as to the shape of the deflection curve, he obtains a formula for 
the maximum load, for a column of rectangular cross section. For materials 
having a curved stress-strain diagram, the Van den Broek method has the same 
limitation as the secant formula—there is no good definition for the “‘upper 
yield stress,” 

K. Jezek!® has developed an algebraic method based on a simplified stress- 
strain diagram composed of two straight lines, one horizontal. He obtains 
factors by which the concentric column values are divided. Thus, the errors 
caused by the original assumptions are reduced, but for materials that have a 


1996.3 “Approximate Theory of Eccentrically Loaded Steel Columns,” by K. JeZek, Der Stahlbau, Vol. 8, 
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gradually curving stress-strain diagram the error may still be considerable. 
(The writer is indebted to Friedrich Bleich, M. ASCE, for the information on 
the JeZek method.) 

These examples indicate that the eccentric column, in the inelastic range, 
cannot be treated adequately by any simple engineering formula or theory. 
The reason for this may be that there are in reality two problems—(1) stability 
under axial loading and (2) failure in bending. -The stability problem is com- 
plicated even for zero eccentricity, but it can be handled by the tangent- 
modulus theory. Failure in bending is in itself a large subject, involving both 
the shape of the cross section and the shape of the stress-strain diagram. 
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This situation is similar to one that existed about 1935, in aircraft structural 
analysis. There was no suitable formula for the strength of members subjected 
to combined bending and torsion. The solution was found in the interaction 
curve. This method has since become standard for handling many kinds of 
combined loading.19 

Why not use the interaction curve to treat the eccentric column problem? 
The member can be regarded as being subjected to combined compression and 
bending, with the bending moment equal to P e (e denoting eccentricity). 


fi in “Basic Structures,” by F. R. Shanley, John Wiley & Sons, Inc., New York, N. Y., 1944, Chapter 20 
p. A 
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Interaction curves for combined bending and compression were obtained 
from tests of steel and aluminum alloy tubing by Messrs. Tuckerman, Petrenko, 
and Johnson.!* In these tests the bending moment was applied by transverse 
loading at the third points, whereas in the eccentric column the bending moment 
must be considered as being applied at the ends of the member. Since the 
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Fie. 14.—IntTpRAcTION CURVES FOR CHROME-MOLYBDENUM STEEL TUBING 


interaction curves for the two cases should be quite similar, the curves developed 
by Messrs. Tuckerman, Petrenko, and Johnson" will be used to illustrate the 
proposed method. 

Fig. 13 shows a typical interaction curve for a single member under all 
possible combinations of axial compression and bending.'4 The two end points 
of the curve correspond to the column strength and to the ultimate bending 
moment, respectively. If it is assumed that the bending moment was applied 
at the ends of the member, as in an eccentric column test, the eccentricity (e) 
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is given by the ratio M/P. Straight lines of constant eccentricity therefore 


radiate from the origin, as shown in Fig. 13. The interaction curve may thus | 


be used directly to determine the effects of eccentricity in axial loading. 

Tests of different kinds and sizes of round tubing were made and the results 
were plotted as interaction curves, both in terms of stress and in terms of stress 
ratios. Fig. 14 shows that there is a family of curves for different values of 
the slenderness ratio. At low values of the slenderness ratio the curves tend 
to be straight, but at higher values there is a considerable sag (the result of 
the secondary bending moment caused by the deflection of the column). At 
zero bending stress the curves give a series of values that represent the con- 
centric column curve; at zero axial stress the curves converge to a epi value 
of fo, which is the modulus of rupture for pure bending. 

When the interaction curves are plotted in terms of stress, as in Fig. 14, the 
eccentricity lines denote values of the eccentricity ratio e/r, in which the core 

2 
radius r = f : and c is the distance from neutral axis to outer fiber. 

Fig. 14 may be converted to nondimensional form by either of two methods. 
Messrs. Tuckerman, Petrenko, and Johnson" divided the values of f. by feo, 
which was taken as the allowable stress for short columns (intercept value) 
and f, was divided by ft., the modulus of rupture in pure bending. ' The result- 


ing curves are like those of Fig. 14, with values replaced by values of B, the 


reduced slenderness ratio. For such a chart the eccentricity lines will define 
values of reduced eccentricity ratio, determined by 


é 
et AO AO NNO 8 | (30) 
2 
inOWihen ol a 76 oe. PO plitning Caney ory thine Dub, bee paaaipiEle aE 


axial stresses by the concentric column stress for the member in question, in-~ 


stead of by the value of f... The following terms will then apply: fe, is the 
allowable column stress for e = 0 and fy, is the modulus of rupture in pure 
bending, and 
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The terms in parentheses show that the ratios in Eqs, 31, 32, and 34 may 
all be expressed in terms of axial load and bending moment. Thus, test data 
may be converted directly into the nondimensional form, Conversely, the 
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nondimensional design charts may be used directly to find the allowable eccen- 
tric column load, if the load for the concentric column, and its ultimate bending 
moment, are:known, The curves of Fig. 14 have been replotted in Fig. 15, 
in this reduced form. The actual slenderness ratio (L/p) has been retained, 
instead of the reduced slenderness ratio B. If B is used, the curves will be 
similar in shape; the eccentricity lines will remain unchanged. 
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Fig. 15.—Repucsap InrmRAcTION CuRVES FOR CoMBINED BENDING AND AxIAL LOADING 


Fig. 15 indicates that the nondimensional interaction curves tend to lie 
within a definite band and that the amount of sag is a maximum for slenderness 
ratios in the region corresponding roughly to L/p = 70 (or to B = 1.0 to 1.2). 
At higher values of slenderness ratio, the interaction curves tend to become 
straighter again. If the bending moment had been applied at the ends of the 
member, the amount of sag would no doubt be greater. 

Since the tests on which Figs. 14 and 15 are based did not truly represent 
the eccentric column, it would be unsafe to use them for design purposes, but 
they can be used to draw some interesting conclusions. One of the most valu- 
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able features of interaction curves is that their shape seems to be primarily a 
function of the kind of loading conditions involved and is little affected by other 
variables. Further research may indicate that a few sets of interaction curves, 
such as those shown in Fig. 15, could be used for a wide variety of columns. By 
using the reduced slenderness ratio B, it may be possible to show that the shape 
of the curves depends on the value of the exponent n for the nondimensional 
stress-strain diagram. 

For small values of eccentricity the curves of Fig. 15 are converging and 
therefore must lie relatively close together. If the lowest curve is considered 
to apply for all values of slenderness ratio, the effect of eccentricity would be a 
reduction of all the column stresses by a constant factor. The nondimensional 
column curve would not be changed in this case; it would only be necessary to 
multiply &. by a reduced value of f, (or P,) in converting to stress (or load). 
(The original value of f, would still be used in the term B, however.) Thus, 
small eccentricities are more closely related to a reduction in the compressive 
yield stress than to a reduction in the effective column length. 

It can be noted that the shape of the eccentric column curves derived by 
the interaction method must approach that of the concentric column, as the 
eccentricity approaches zero. This assumption agrees with theory and tests, 
as shown by the eccentric column curves presented by Mr. von K4rm4n.4 One 
of the objectionable features of the secant formula is thereby eliminated (since 
it has no relation to the shape of the stress-strain diagram). It should be 
noted that the interaction curves need not be based on any particular column 
formula—they may be used with any formula that may be acceptable for the 
concentric column. Once the interaction curves are determined, they may be 
converted into eccentric column curves, or plotted as curves of reduction factors 
versus slenderness ratio, 

Interaction curves are equally applicable to the case of large initial eccen- 
tricities. The convergence of the curves at a point representing pure bending 
permits the designer to take advantage of all that is known about the modulus 
of rupture. Even failure by local buckling may be included, although it is not 
yet possible to foresee what change in the shape of the interaction curves would 
be necessary. The case of combined bending and local buckling (no column 
effects) is a simple interaction problem and could very likely be handled by 
using the interaction curve for low slenderness ratios and substituting the 
crushing strength for the.column strength in determining f, or P,. 

The effect of small eccentricities may now be determined approximately. 
Assume, for example, that the equivalent eccentricity, e, for a thin-walled tube 
of mean radius R lies within the tolerance + 0.025 R (for a column 20 in, 
in diameter this would be + 0.25 in.). The value of the core radius r (= p?/c) 
for such a tube is R/2. The eccentricity ratio e/r is therefore 0.05. The corre- 
sponding reduction in the column stress may be determined from Fig. 14 or 
Fig. 15. (If Fig. 15 is used, the eccentricity must be further reduced by using 
Kgs. 33 and 34.) The maximum reduction so determined is in the order of 6%, 
at L/p = 70. Since the curves are probably only slightly on the unsafe side 
at such low eccentricities, this result should be a fairly accurate indication of 
the reduction involved for the assumed ease. The magnitude of the reduction 


a.) 


a 


COLUMNS 721 


appears to be no greater than the usual variation in material properties and 
‘4@, could be provided for (at least in part) in selecting a conservative value for 
.) the minimum compressive yield stress. 

Mr. von K4érm4n‘ recommended that columns be designed on the basis of 
their concentric buckling strength and that the effects of initial eccentricities 
be taken care of in the safety factor. This recommendation is still sound and 
is followed in modern aircraft practice in the United States. (Although it is 
not specifically stated in the airworthiness requirements, the matter is provided 
for by a factor of safety to increase the applied loads, not to reduce the allow- 
able stresses.) With the use of the tangent modulus in the column formula, 
together with proper control of manufacturing tolerances, the specification of a 
minimum compressive yield stress, and the reduction of all test data to mini- 
mum guaranteed properties, it would seem that the unknown factors in com- 
pressive loading are certainly no greater than those for any other type of load- 
ing and that no increase in the usual factor of safety is required. 


8. Errects oF ENp RESTRAINT 


In theory, end restraint has a very simple effect: It merely changes the 
effective column length. In practice, however, the accurate determination of 
the effects of end restraint for any column except a pin-ended column is a 
difficult problem. The situation that exists in aircraft structural analysis has 
been very well described by Paul E. Sandorff,?° and there is little more that 
can be added at this time. Experience has shown that a fixity coefficient of 
1.5 has been generally satisfactory for the design of the continuous compression 
panel forming the top of the wing structure. Mr. Sandorff shows that very 
little of this fixity is supplied by the supporting ribs. Edge restraint, chordwise 
curvature, and other effects usually provide the increase corresponding to the 
assumed fixity coefficient. 

The long-standing conception of a fixity coefficient as a multiplying factor 
has perhaps given rise to an exaggerated idea of the effects of end restraint. 
Mr. von Kérm4n has shown‘ that the fixity coefficient can be used as a multi- 
plying factor, but only for the elastic case (Euler formula). In the inelastic 
case the coefficient must be used indirectly, to obtain the effective length: 


Lets = L/VC Sy REE IEES 6 i:5)'1 0 3 6 elena ahateeas Tens, (35) 


® It is easy to overlook this important fact in dealing with the generalized Euler 
equation. (The writer made this mistake in his own textbook!) It would 
have been much better if the effects of fixity had been introduced by a length 
coefficient in the first place, because length is really what is directly affected, 

not the buckling load nor the stress. 
It is important to realize that efficiently designed structures cannot be made 
proportionately stronger by increasing the amount of end restraint. This 
act, too, was pointed out by Mr. von Kérm4n‘ when he declared, in effect, that 
@:: restraint causes a marked increase in buckling strength only for long slender 
columns, not for shorter ones. In aircraft structures, for example, the com- 


30 **Notes on Columns,” by Paul E. Sandorff, Journal of the Aeronautical Sciences, J anuary, 1944, p. 1. 
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pression members are designed to develop ultimate stresses that approach the 
compressive yield stress. 
Fig. 16 illustrates the effects of the fixity coefficient by column curves 
(24ST aluminum alloy) plotted for different degrees of end fixity C. Assume, 
for example, that a designer has used C = 1 to design a structure for the column — 
stress fi. If he now goes to considerable trouble to restrain the ends he may 
be able to develop a fixity coefficient C of 3.0, but the increase in stress thus 
obtained is almost negligible, as shown by case A, Fig. 16. On the other hand, 
assume that he has selected too high a value for the fixity coefficient (say, 
C = 8.0) and that in the actual structure it proves to be only C = 1.0. The 
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decrease in allowable stress is now quite large, as shown by case B. This ® 
situation is rather disturbing. An excess of actual fixity (over the assumed 
value) can do little good, but a lack of fixity (under the assumed value) can do 
much harm. Thus, conservatism should be used in selecting the fixity coeffi- 
cient for use in design. Research on this subject cannot be expected to result 

in substantial weight savings for efficiently designed structures. 

Fixity effects should be thought of as “length” effects. In aircraft wing 
structures, for example, changes in end restraint primarily affect the rib o 
bulkhead spacing. A few extra ribs represent the price that would be A 
for being quite conservative in selecting the fixity coefficient for design. Fig. 
16 also shows how the use of a material having a higher yield stress pays divi- 
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dends in the lower range of slenderness ratios, but such material would give 
little benefit at high slenderness ratios. 

End restraint in an eccentric column reduces the effective eccentricity. 
An examination of the elastic case will show that the reduction increases as 
the column load is increased. In the inelastic case this effect should be even 
more pronounced. This condition is one more reason why, in actual structures, 
the effects of small eccentricities may prove to be relatively unimportant. The 
combined effect of large eccentricities and end restraint is an attractive subject 
for further research; the interaction curves previously described might be useful 
in this connection. 


9. Design ror Minimum WEIGHT 


The principles of structural design for minimum weight have been treated 
in some detail elsewhere.” In this paper the discussion will be confined to the 
procedure for determining the optimum design as applied to simple pin-ended 
columns of tubular cross section, using the generalized Euler theory. Since 
the weight of the column (for a given material) will be a minimum when the 
allowable stress is a maximum, the object is to find the maximum value of 
allowable stress in terms of the load P, the distance through which it must be 
transmitted L, and a “shape parameter” that controls the proportions of the 
cross section. If this is done for various materials, a direct comparison of 
weights may be made. 

The generalized Euler stress formula, Eq. 2, contains one of the design 
variables, L, but it does not include the load P directly. The radius of gyra- 
tion, being dimensional, cannot be used as a shape parameter. Since p? has 
the dimensions of an area, a ratio can be obtained by dividing it by A, giving 
the shape parameter: 


2 
k= 7 (36) 
Eq. 2 may now be written 
ne 17 Hy, p? 
Perey |. ts 


Substituting & for (p?/A), (P/f) for A, and solving for f or P/L? gives the 
desired equations: 
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The term P/L? is called the “structural index” or the “structural coefficient.” 
(A nondimensional coefficient may be obtained by dividing by the elastic 
odulus, #.) Eq. 39 is more convenient to use than Eq. 38 since the value of 


21 ‘‘Principles of Structural Design for Minimum Weight,” by F. R. Shanley, Journal of the Aeronautical 
Sciences, March, 1949, p. 133. 

# “Structures of Minimum Weight,” by H. Cox and. H. Smith, Reports and Memoranda No. 1928, 
H, M. Stationery Office, London, 1943. 


724 COLUMNS 


E; depends on f. From a curve of tangent modulus versus stress the value 


of ie may be determined. Eq. 39 can then be plotted as allowable stress f & 
t 


against P/L*, for different values of k. 
For a thin-walled tube of average diameter D, the value of the shape 
parameter is 


agape a 
k= ahs = ( 71 (40) 
For the round tube, Eq. 39 then becomes 
Peas) Gaeare 
Fak en (41) 
Tv E, vy 


From Eq. 41, it can be noted that high values of the stress (f) for a given 
material will be obtained at high values of the structural index (P/L’) for large 
values of D/t. There is a limit to the value of D/é that may be used, however, 
because the local buckling or crushing stress decreases as D/t is increased. 


The optimum stress and the corresponding 2 ratio may be obtained graphi- 


cally by plotting Eq. 41 as a family of curves for different values of D/t, after 
which another curve of local buckling stress against D/tis drawn, by which the 
curves are ‘‘cut off.”” If an equation for the crushing stress can be written in 
terms of D/t and E,, the problem may be solved mathematically. 

Mr. Timoshenko* has suggested an equation of the following type for local 
buckling: 


D/t 


(Recent developments in the theory of plasticity indicate that this may be 
considerably on the safe side.) If this value is substituted for f in Eq. 41, 
the following equation will be obtained: 


D K°E 3 
(2) eee ee | PE (43) 


It is interesting to note that the tangent modulus does not appear in Eq. 438 
even though the equation applies to the inelastic range. Since # remains prac- 
tically the same for any one class of alloys (steel, aluminum, etc.), the optimum 
value of D/t will be unaffected by changes in the shape or height of the stress- 
strain diagram: It depends only on the initial slope of the diagram. 

By substituting the value from Eq. 43 in either Eq. 41 or Eq. 42, the opti- 
mum stress is obtained as a function of P/L?: 
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Mr. Timoshenko* has shown that the theoretical value of K is about 1. 
but that much lower values are usually obtained in tests. For practical use 


%°*Theory of Elastic Stability,” by S. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. Y., 
1st Ed., 1936, p. 442. 
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in design, Eq. 44 can be plotted for various materials*! as shown in Fig. 17, 
“@, Where K = 0.40. The procedure for optimum design consists in determining 
the structural index for the case in question and selecting the optimum stress 
from such a chart. The load P is divided by the optimum stress to obtain the 
cross-sectional area. Eq. 48, or curves derived from it, may be used to deter- 
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Fie. 17.—Optimum CoLumNn Srrass ror Rounp Tuszs 


mine the optimum ratio D/t, from which the mean diameter may be determined 
by the following equation for thin-walled tubes: 


D= ae (45) 


) To show how the weight of a column is affected by the material and the 
loading conditions, the optimum stress may be divided by the relative density. 
If aluminum alloy is used as a base (density 0.10 lb per cu in.), the curves will 
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appear as in Fig. 18. (The square root of the structural index has been used 
in Figs. 17 and 18, to contract the scale.) It is important to note that curves... _ 
of this type may be plotted directly from test data.24 If all available data fo 
a given type of loading were plotted on a single chart, the optimum conditions 
would be indicated by the envelope to the test points. Application of the 
method, therefore, is not limited by the lack of a theory for optimum design. 


Equivalent Stress, in Kips per Square Inch 


Curves are obtained from Fig 17; 
stainless steel divided by 2.92; 
magnesium alloy divided by 0.65 


Values of YE 


Fie. 18.—Oprtimum Cotumn Stress Repucep to Samm WEIGHT Basis 
(AuumMiInum ALLoy Ussp As Basr) 


To apply the method to’:members such as those used in steel structures the 
same shape parameter (Eq. 36) could be used to determine the relationship 
between the structural index and the column buckling stress, asin Eq. 39. For 
the local buckling stress it would be necessary to use the ratio between one of 
the major cross-sectional dimensions (such as width) and the thickness of some 
part of the cross section. Since it is difficult to calculate the local buckling 
stress with accuracy, for such sections, a series of tests would be advisable in 
which the width/thickness ratio would be systematically varied. This pro- 
cedure could be carried out for various basic shapes, such as I-beams, WF 
columns, and H columns. The results would be used in place of Eq. 42, to 
obtain curves similar to those in Fig. 17. A systematic program of this ty 


would answer all questions regarding the efficiency of various cross-sectio 
‘Design Charts for Flat Compression Panels Having Longitudinal Extruded Y-Section Stiffeners 


and Comparison with Panels Having Formed Z-Section Stiffeners,”” by N. F. Dow and W. A. Hickman, 
Technical Note No. 1889, National Advisory Committee for Aeronautics, Washington, D. C., August, 1947. 
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shapes. It would show, for example, that beyond a certain value of the struc- 
‘@tural index any attempt to improve efficiency by revising the cross-sectional 
| ae would be futile, at least for structural steel. More research of this type 
is needed, not only to supply valuable design information, but also to answer 
questions regarding the relative efficiency of various materials. For any 
structure that fails through buckling the term “‘strength/weight ratio” is mis- 
leading. The only way in which materials can be properly compared, in such 
, cases, is through the use of optimum design procedures based on the struc- 
tural index. 

The round tube, loaded as a simple column, has been used as an example 
of the general method of optimum design. H. Cox and H. Smith extended the 
method to various other types of construction and loading conditions. The 
National Advisory Committee for Aeronautics has determined the optimum 
design for flat panels with various types of stiffeners and for several different 
materials.24 Some information is also available for shear webs and for shells 
loaded in bending.”! 


10. RECOMMENDATIONS AND CONCLUSIONS 


Hight general conclusions supported by this paper are: 


(a) The generalized Euler formula, Eq. 2 (using the tangent modulus), is- 
recommended for the design of columns that fail by primary instability; 

(b) Specification of a minimum guaranteed compressive yield stress pro- 
vides for most of the effects of material variations; 

(c) The effects of small eccentricities may be provided for by the factor of 
safety; 

(d) The interaction curves for combined bending and compression may be 
applied to eccentrically loaded columns; 

(e) The effects of end restraint should be conservatively estimated in design; 

(f) The coefficient of fixity should be replaced by an effective length 
coefficient; 

(g) Tests are needed to determine interaction curves for various cross sec- 
tions and materials; and 

(h) Optimum design methods should be used to evaluate the efficiency of 
various types of construction and materials. 


. e) 
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DISCUSSION 


Witi1am R. Oscoop,* M. ASCE.—One aspect of the art of engineering 
consists in designing without adequate information. However much one may 
admire the artist, most engineers, nevertheless, would like the art reduced to a 
science. In what he calls “the generalized Euler formula,” and modestly 
suggests calling the “Huler-Engesser formula,” Mr. Shanley has made a signal 
contribution to column theory—that is, to science. The formula, in the writer’s 
opinion, should be called the Euler-Shanley formula. It is true that Engesser 
first proposed it, but Engesser later gave it up in favor of the reduced modulus, 
or double-modulus, formula. It remained for Mr. Shanley to show that 
Engesser was right the first time. 

Mr. Shanley has traced nondimensional column curves back to 1929. 
Actually they go back further than that, to May, 1918, when R. W. Hawken?¢ 
introduced them. : 

In connection with the determination of the constants K and n in the stress- 
strain formula, Eq. 4, the preferable way (certainly for a new material) of 
‘determining these constants is the following: Write Eq. 4 as 


and take the logarithm of both sides: 


is us inasprilop | 
log (« AT n log ii mnt (sl 48 GAM ee (47) 
Now plot the observed values of log (¢ ~ i) against log 4 and draw a’ 


straight line through the plotted points that seem to lie along a straight line. 


The slope of this line will be m and the intercept on the axis of log ( Cm f) 


will belog K. Alternatively, of course, ( e— Hs may be plotted against f/H 9 


on log-log paper. 

In connection with the interaction curves it may be well to emphasize that 
a bending moment M arising from transverse loads and an equal moment P e 
arising from eccentrically applied longitudinal loads are not equivalent. If the 
interaction curve is obtained by transverse tests, as the curve in Fig. 13 was, 
then in using the curve for the design of an eccentrically loaded column, “@ 

25 Senior Structural Engr. (Acting), David Taylor Model Basin, Washington, D. C. 

26“‘Column Analysis and Design,” by R. W. Hawken, Univ. of Queensland and the Sydney Univ. 
Eng. Soc., Brisbane, Australia, 1918. 
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given e the load P read from the curve will be on the unsafe side—that is, the 
eccentrically loaded column will actually fail at a lower value of P. This 
becomes evident by considering Fig. 19. The moment diagrams on which 
Fig. 13 is based are like ABCD in 
Fig. 19, in which M is the maximum 
bending moment arising from the 
transverse loads. The correspond- 
ing diagram for terminal couples 
equal to M is AEBCGD. The 
maximum deflection produced by 
the terminal couples will be greater Fre. 19 
than that produced by the transverse 
loads. If an axial load is now added, it will take a smaller axial load to produce 
failure of the member loaded by the terminal couples than to produce failure . 
of the transversely loaded member. (The terminal couples plus the axial load 
are the same as an eccentrically applied load.) On the other hand, if the inter- 
action curve is obtained from tests on eccentrically loaded columns and the 
abscissas are M = P e, then in using the curve for the design of a beam-column 
for a given maximum moment from the transverse load the axial load P read 
from the curve will be conservative. 

In 1947 the writer suggested?’ a method of compromising between an unsafe 
design and an uneconomical one. The method assumes that the test data, in 
the form of an interaction curve, for example, are based on eccentrically loaded 
column tests. As intimated in the preceding paragraph, the eccentrically 
loaded column is a limiting case of a beam-column. The interaction curve for 
eccentric-load tests will be lower than the curve for any combination of axial 
and transverse loads, M being equal to P e for the eccentric-load tests and equal 
to the maximum bending moment for transverse loads. As a practical matter 
it is easier to make accurate eccentrically loaded column tests than tests under 
combined axial and transverse load. The latter call for considerable art. 


J. V. pu Pusssts,2® Jun. ASCE.—This comprehensive expression of the 
views of one who recently has shed further light on the fundamentals of column 
behavior is both refreshing and welcome. 

It cannot be emphasized enough, however, that the “‘generalized Euler 
theory’’ is a ‘‘critical load” or ‘“‘buckling load’’ theory and as such applies only 

@.. the “perfect”? column or (the word used in this sense) “‘strut.” Insisting, 
with the full rigor of Webster, that conditions existing are concentric loading, 
straightness, symmetricality, and homogeneity (even to postulating rigid 
monotonic rather than statistical location of atoms), it is possible to conceive a 
situation in which a column may be obtained in a straight loaded state, which, 
under some slight disturbance, will snap out of this position into the von 
Karman nonstraight equilibrium bifurcation. In some cases, if the velocity 

buckle is such as to induce large dynamic energy effects, the strut will sur- 
ount the barrier of increasing equilibrium loadings for larger deflections and 


a7 ‘‘Beam-Columns,” by William R. Osgood, Journal of the Aeronautical Sciences, March, 1947, p. 167. 
28 Research Student, Faculty of Eng., Bristol Univ., Bristol, England. 
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then, behaving according to the negative slope of the deflection-end-load 
curve, rush to catastrophic collapse. If this last condition were in danger o ‘e 
occurring, the use of the buckling criterion would deserve some plea gl as a 
logical design basis in order to guard against the occurrence of the “perfect” 
column. Since the column in practice, perfect or otherwise, seldom occurs in 
splendid isolation, as in some types of water towers, but generally with some 
measure of restraint afforded in adjoining framing, it is not reasonable to fear 
the “runaway” of any incidentally occurring perfect column. Apart from the 
laboratory difficulty of securing the perfect straight equilibrium bifurcation, 
even in the “short column’? compression test, practice adequately indicates 
that column failure is a matter of bending rather than buckling. 

To cite a practical case, an old reinforced concrete frame building was sub- 
jected by new owners to warehouse type loading in the region of two to three 
times the design loading, and one of the columns under the loaded floor began 
to fail. Distortion was a gradual process (was not suddenly there) and pro- 
ceeded so slowly as to allow adequate time for supporting timbers to be in- 
troduced. Whatever it was that happened, it certainly was not buckling. 
Apart from such records of column failures as may exist, the laboratory struggle 
to produce perfect pin-ended columns is sufficient testimony that column 
failure in civil engineering structures is a matter of bending rather than buck- 
ling, and that columns undergo bending deformation from the inception of 
loading. 

On the basis of this observation it is impossible to agree with the author’s 
statement (in Section 1) that: 


“It is doubtful whether any structural engineer would wish 'to take ‘ad- 
vantage of this factor [increasing equilibrium load with increasing deflec- 
tions | in actual design, because in this region an increase in stress will in- 
volve a large amount of permanent set. It seems logical, therefore, to 
regard the beginning of the bending [that is, buckling] in a perfect column 
as the upper limit for structural purposes.” 


As a basis of discussion, accept the premise that a certain amount of per- — 
manent set is the maximum permitted for design purposes. If bending occurs 
from the beginning, due to some cause classified by buckling theorists under 
the term “imperfection” (as it undoubtedly will), the critical amount of 
permanent set will be induced at a lower load than in the case of the initially 
perfect but later buckling strut. The permissible load will therefore be different '* 
in practice from that derived from a buckling analysis. For other criterions of 
design, similar arguments will stillapply. The greatest argument in support of 
buckling formulas is that there is no other theoretical analysis that does not 
presuppose knowledge either unobtainable or securable only by investigation or 
test, and, in any case, whose degree of variation has never been subject to 
control or even adequate determination. Until an adequate theoretical 
analysis not requiring unknown information exists, and until determined “@ 
specifiable systems of tolerances are used, it appears more practical to u 
empirical formulas and data, or practically proved formulas, rather than to rely 
on a formula based on a case unlikely to occur in practice. The interaction — 


KAROL ON COLUMNS 731 


curves described by the author are a valuable step in this direction; but they 
‘still involve undecided tolerances and, by so doing, only serve further to under- 
‘line the need for investigation as to the range of tolerance that actually occurs 
in practice. 

Although buckling formulas are more of academic interest, their value as 
one set of known boundary conditions to a complex region of structural actions 
should not be forgotten, and in this connection the author’s clarification of 
the stress situation that may occur across a section is of the greatest value. 

It is worthwhile to stress the fact, however, that this clarification (which, 
in effect, is a statement that the ratio of stress change to strain change applic- 
-able to analytical consideration of any fiber is, in some cases, for all the fibers, the 
ratio corresponding to the loading stress strain relationship) applies in some 
(and probably in most) instances to columns which for some reason (such as 
eccentric loading) bend right from the inception of the loading program. Any 
load analysis or distortion analysis of columns in the elasto-plastic range must 
therefore be subject to “co-analysis” as to whether all the fibers are being 
loaded or whether some are being unloaded. Analysis of the condition for 
loading to occur over the entire section has been made by D. C. Drucker,?® Jun. 
ASCE, for the case of buckling of the perfect column, and extension can be 
made on similar lines to the more general ‘‘non-perfect’’ column problem. The 
case in which (given increasing end load) all fibers continue to load is obviously 
more tractable analytically since it is not necessary to have a stress-strain 
relation sensitive to “‘direction.’”’ In this category may also be placed those 
cases in which, if a fiber is subject to unloading, it is a fiber that has been 
subject to a past history of only elastic strain. Only the perfect, or near perfect, 
columns are likely to fall outside this category before reaching the maximum 
load they will carry; and, in general, this will be more likely to occur with 
materials having relatively steep-sloping strain-hardening curves. Therefore, 
the arguments that led the author to support the tangent modulus Euler 
formula are of much wider application. 


Jacop Karou,® M. ASCE.—This comprehensive paper by Mr. Shanley is 
an admirable presentation of the theory underlying the present methods of 
stress analysis of compression members in aircraft design. The mathematical 
development of the nondimensional stress-strain diagrams and column curves 
may seem somewhat “impractical” to the civil engineer who uses allowable 
stresses in the design of columns of steel, concrete, or timber that are fixed by 
the design specifications at values well within the elastic range. In aircraft 
structures, however, the design stresses are in the inelastic range. Since air- 
planes are generally static tested for full design loads, it was necessary for the 
stress analyst to develop a design theory which, in the ideal case, would result 
in a structure that failed at slightly beyond the design load. Therefore, the 
detailed study, by the author, of the several phases of applied column theory 
5 undeniably ‘‘practical.”’ 

The writer will confine his discussion to Sections 6 and 7. 


2 “The Plasticity of Metals—Mathematical Theory and Structural Applications,” by D. C. Drucker, 
Proceedings-Separate No. 27, ASCE, August, 1950. 


® Design Engr., Howard-Needles-Tammen & Bergendoff, Kansas City, Mo. 
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The method of correcting test data to “standard,” as indicated in Fig. 12, 
is correct only for columns that fail by primary instability, since the affinely 
related column curves are derived from the tangent modulus. The horizontal —— 
scale marked “not used” is designated as “effective L/p’”’ in the original Lock- 
heed report (see Fig. 12). This value is actually the important variable in the 
general case, as will be evident subsequently. 

It is supposed that a series of compression tests of sheet stiffener combina- 
tions have been made. Since the sheet and stiffener may each be subject to 
local buckling, the column curve plotted from the test data will not be affinely 
related to the tangent modulus column curve of the specimen material. It 
may be noted in passing that determination of f, and L/p for a sheet stiffener 
combination is quite a problem in itself, but it is assumed that they have been 
determined somehow. It is desirable to plot the test data on a graph, which 
also has the Euler curve plotted thereon, to determine the point of intersection. 
The procedure for correcting the data for a test stress f. to standard is as 
follows: 

Let: f. be the yield strength for standard material; K f, be the yield 
strength for specimen material; f; be the stress for (L/p):, as reduced to stand- 
ard; fz be the stress for (L/p)i, read from the curve; and fs be the stress for 
(L/p)3 = (L/p):/VK, read from the curve. Then, for the ratio (L/p);, 


The foregoing procedure is merely a verbal statement of the mathematics 
expressing the affine relationship between the test column curve and the 
derived column curve for the standard material. The interested reader can 
readily prove this for himself by assuming that the test column curve is mathe- 
matically expressible in terms of f, and K f., as indicated elsewhere, and by 
calculating the stresses f,, fo, and fs. Hence, in the general case, correction to 
standard is a function of the shape of the test column curve, the yield strength 
ratio, and L/p. 

The author’s extended treatment of the effects of eccentricity in pin-ended 
columns is undoubtedly an indication of the importance of the subject. After 
rejecting the secant formula as inapplicable to materials not having a pro- — 
nounced yield point, he suggests using interaction curves to solve the problem, 
and presents in Fig. 15 such a series of curves for axial loading and bending 
due to third-point loading. He assumes correctly that, for an initial moment 
due to constant eccentricity, the sag would be greater. He further states that 
the shape of these curves may be primarily a function of the kind of loading 
involved, which is also true. Hence, a number of sets of interaction curves 
would be necessary in design, unless there is some other approach to the 
problem. 

After following the author’s lead and verifying the statements referred to _ 
in the preceding paragraph, it occurred to the writer that the problem coul 
be generalized so that one interaction curve would apply for various loadings, 
and perhaps for any shape of cross section and any type of stress-strain diagram. 
The reasoning was extremely simple. For any column subject to combined 


e 


X& 
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bending and compression, the maximum stress on the section is the sum of the 
axial stress and the total bending stress. The total bending stress is itself the 
sum of the primary bending stress and the secondary bending stress due to 
lateral deflection. By using the total bending stress as a parameter, the type 
of loading is automatically cared for. If the total stress on the section is 
known, then, by deducting the axial stress, the total bending stress is obtained. 
The primary bending stress can then be determined by using the available 
theories of secondary bending. 

The problem resolved itself into finding an expression which would equal 
the critical column stress for pure compression and the modulus of rupture for 
pure bending. The expression was originally determined to fit the test data 
in Fig. 14 for the entire range of R’, and L/p = 30. It was later found that 
the same expression checked quite well any point taken at random from 
Fig. 14. This might be considered as an indication of its possible generality. 

The total stress in combined compression and bending is given by the 
expression: 


fe + for = fer [1 + (m — 1) (0.839 tan 6)]............(49) 
in which 
nies a Cade alae a le eg rE (50a) 
and 
Gs= > are tan Sus (50b) 


Dividing through both sides of Eq. 49 by fcr, 


i et ete end) £0,890 $2.0 9) de croeni.den we: (51) 
The stress ratios are 
R’. + m Ru = 1 +.(m =-1) (0.839 tan 6). ...........(52) 
in which 
ax 5 m Roe 
0 = g are tan 12 igh alg Sl ona has cata (53) 


Eq. 52 is plotted in Fig. 20(a) for various values of m. Since m is known 
for a particular problem— 


_ for \ Moe 3 
Ru = fat MEN a (54) 
—can be determined for any value of 
Mee Sey LR 
Re = = Breese (55) 


—and vice versa. 
The remaining problem is to determine the primary bending stress f, from 


@.::: total bending stress fo. For any distributed loading (including the test 


third-point loading), as well as for initial curvature, the stress is given accu- 
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and, for constant eccentricity of axial load, 


l—a 
fo = T7720 aT PIES we: ahatehee Genet s, MANE F. 4 (56)) 
in which 
f. 
nag arg peng on, ¥ sha 
7 dite iP a eCL[py* bat 
Hence the ratios ; 
Fei oog bbe wo nb cecheiyete. Wo-chirael ont) <pel58) 


Rigs tip ' Mis. 


can be determined for any value of a, and vice versa. 

Eqs. 56 are also plotted in Fig. 20(a). Thus, the problem of combined 
axial load and bending due to eccentricity or transverse loading is solved from 
one chart. 

Two examples of the use of Fig. 20(a) applied to the data in Fig. 14 follow: 


(1) Given: L/p = 30; and, in kips per square inch, f,. = 120, f.r = 60, 
fe = 40, and H = 29,200. The problem is to compute f;. From the assumed 
data, m = 120/60 = 2; fz = 320 kips per sq in; a = 40/320 = 0.125; and 
R’. = 40/60 = 0.667. From Fig. 20(a), Ry: = 0.38; hence, fr = 0.38 XK 120 
= 45.6 kips per sq in. From Fig. 20(a), fs/fo: = 0.875; hence, f, = 0.875 
< 45.6 = 39.9 kips persqin. From Fig. 14, test f, = 40 kips per sq in. 

(2) Given: L/p = 120; and, in kips per square inch—f,. = 120, for= fz = 20, 
and f, = 50. Itis required to compute f,. From the given data, m = 120/20 
= 6; fe/foo = 50/120 = 0.417. Guess R’, = 0.498 = a. From Fig. 20(a), 
fol for = 0.502; hence, Rye = 0.83. From Fig. 20(a), R’, = 0.498, which checks 
the guess. Hence, f. = 20 X 0.498 = 9.96 kips per sq in. From Fig. 14, 
test f- = 10 kips per sq in. 


It is recognized that the addition of stresses in the inelastic range is a 
convenient fiction; but, in the foregoing treatment, Eq. 49 has the merit of 
being a close approximation to the experimental truth and of indicating the 
important variables in a problem not solved hitherto in the general case. Since 
Eq. 49 assumes a gradual change in the total stress as the loading changes 
from pure compression to pure bending, it seems logical enough to be generally 
valid. Furthermore, if fs. is considered to represent not only the ultimate 
modulus of rupture, but also a limiting bending stress in general, the usefulness 
of Fig. 20(a) is extended. Thus, in aircraft design, it can be used for limit 
loads as well as for ultimate loads.. The writer was able to check the test data 
by J. A. Van den Broek,?! M. ASCE, on 1-in. mild steel round bars for both 
initial yielding and ultimate capacity by using the yield point as the limiting 
bending stress in the first case and 1.7 times the yield point as the modulus of 
rupture in the second case. 

The column theory, from which the secant formula is derived, is also pre- 
ented for comparison, The total stress is given by the expression: 


fs + fot =m te, PU Ie OTe Sette Mar ches. alg, Shee a) ee ee (59) 
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31 ‘Rational Column Analysis,” by J. A. Van den Broek, The Engineering Journal, December, 1941. 


736 POPOV ON COLUMNS 


Dividing through both sides of Eq. 59 by m f.,, 


Expressed as stress ratios, Eq. 60 becomes 


Te’ 
m 


fe Eee SL ee as on 


Kq. 61 is a family of straight lines, as represented in Fig. 20(b) for various 
values of m. It is obviously correct only for a value of m = 1. Thisis true in 
the short column range for structural steel, in which the limiting stress for 
both bending and compression is the yield point stress. For values of m 
greater than 1, it gives less conservative results than Eq. 52. The relation of 
primary to total bending stress is given by Eqs. 56, and use of the chart is 
similar to the method presented for Fig. 20(a). 


I. P, Popov,” Assoc. M. ASCE.—An excellent comprehensive treatment 
of primary column failure has been presented in this paper. Emphasis on the 
tangent-modulus theory as a basis for column strength analysis is gratifying. 
In an earlier paper § Mr. Shanley capably justified the use of the tangent- 
modulus method for columns, theoretically. He showed that the bending of a 
column begins at the tangent-modulus load and that the consideration of a 
single critical section is sufficient to predict the capacity of a member. In this 
paper several graphs showing the agreement between this theory and tests are 
cited as supporting evidence for justification of the theory. However, these 
citations are limited to metals and it is noteworthy that even for reinforced 
concrete columns similar good agreement is found. 

Fig. 21 3 shows the results of a series of tests on spirally reinforced concrete 
columns, in which p, the radius of gyration, is based on a transformed concrete 
section, and an average load-strain curve for a short column has been used to 
determine the tangent-modulus and reduced-modulus column curves. The 
agreement thus found is truly remarkable; and, although relatively few tests 
have been made on slender concrete columns, F. E. Richart and J. O. Draffin, 
Members, ASCH, T. A. Olson, and R. H. Heitman,* Assoc. M. ASCE, venture 
the following conclusion: 


“It appears from the procedure followed that the strength of any long 
slender spiral column may be estimated from the properties of a short 
column of similar materials and arrangement of reinforcement.” 


However, in all these matters a word of caution must be given, as the 
tangent-modulus theory is adequate only if the material is stable with time. 


82 Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. ©@ 


# “The Effect of Eccentric Loading, Protective Shells, Slenderness Ratios, and Other Variables in 
Reinforced Concrete Columns,”’ by F. E. Richart, J. O. Draffin, T. A. Olson, and R. H. Heitman, Bulletin 
No. 868, Univ. of Illinois Eng. Experiment Station, Urbana, Ill., November, 1947, p. 103. 
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Gradual plastic deformation of concrete, or creep of the material used, may 
substantially lower the carrying capacity of a column. The generalized Euler 
equation is a criterion of column strengths for loads of short duration and for 
materials that do not creep. 


Values of Stress, in Kips per Square Inch 


120 160 200 240 280 320 
Values of Slenderness Ratio, & 


Fie. 21.—SrrenetH or Lona Retnrorcep CoNcRETE COLUMNS 
(Average Over-All Diameter of Columns, 12.40 In.; Average Core Diameter, 12.15 In.; 
Maximum Length _ 19.7) 


and Diameter 


The writer is in agreement with the general conclusions reached by the 
author; but one of the basic assumptions made in the paper should be clearly 
kept in mind, as it is significant. After justifying the use of the tangent 
modulus in Euler’s formula, an algebraic expression for a tangent modulus, 
stemming from the paper by W. Ramberg and William R. Osgood, M. ASCE, 
is introduced by Mr. Shanley. This expression for the tangent modulus (Eq. 6) 
is obtained from Eq. 5 by differentiation. The latter expression with proper 
parameters is supposedly capable of representing, reasonably well, the stress- 
strain curve for any material in compression. Unfortunately, ordinary steel 
(which hardens after some yielding strain) cannot be represented accurately by 
Eq. 6, in that particular form. As may be noted from Fig. 7, none of the non- 
dimensional stress-strain curves resemble the entire range for an ordinary steel. 
Perhaps there are other cases in which a mathematical three-parameter ex- 
pression for a stress-strain diagram is not adequate. Moreover, the author 
does not actually use these curves but goes even further and works with the 
tangents to such curves. Also, he calls attention to the shape of the knee 
(mathematically indicated by n) of the stress-strain diagram as having a rela- 
tively large influence on the column stress curves as this affects the tangent 
moduli considerably, in an important zone. 

Messrs. Ramberg and Osgood ™ show that good agreement of computed-to- 
experimental tangent moduli is found for several materials whose curves may 
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be represented by a small value of parameter n. In such cases the value of n 
was always less than 20 and the knees of the corresponding stress-strain dia- 
grams were not sharp. On the other hand, for the 1025 carbon steel which 
was also investigated, n is greater than 50 and a considerable discrepancy is in- 
dicated by the original data between computed and actual tangent moduli. 
To a large extent Mr. Shanley’s argument rests on the adequacy of the empirical 
algebraic relation selected (Eq. 6), and it may not be fully adequate. 

Finally, the writer wishes to comment on the term “short column” which 
is criticized in Section 2. What the author refers to as “short-column” range 
is usually termed the “intermediate” ** range. The term “short column” 
generally is reserved for still shorter compression blocks. In the latter case the 
capacity is determined not by the instability phenomenon of an inelastic column 
but by an allowable deformation. Hence, retention of the term “short column” 
for this shortest range seems desirable to emphasize the transition point. in 
column lengths from one kind of action to another. 

The discussion given by Mr. Shanley regarding the end restraint is worthy of 
emphasis and repetition as it is not fully appreciated by some engineers. The 
development of interaction curves for combined bending and compression of 
members suggested by the author deserves further study. It is a practical 
expedient for accurate design of columns with any load eccentricity, although 
a large number of tests are necessary to establish such curves. 

The foregoing remarks are not to be construed as detracting from the over- 
all excellence of the paper. Even a single feature of the paper, such as the 
use of nondimensional forms for column formulas, is a valuable addition to 
civil engineering literature on columns. For completeness, in his concluding 
remarks, the author should comment on the limitation of the tangent-modulus 
column formula which occurs when E, = 0; it even has a negative slope as in 
the case of an ordinary steel where it does not apply. 


Jack R. Brensamin,** Assoc. M. ASCE.—The statement that the theo- 
retical load at which bending of a perfect column begins is the upper limit for 
structural design leaves much to be desired. The design problem is not con- 
cerned basically with the upper limit for a theoretical column, but with the 
allowable design load on an actual column in a structure. The distance be- 
tween the limit for such a column and this upper limit can be large and is 
difficult to analyze. 

The “perfect’’ column does not exist. Every column is subject to variations 
in material and initial crookedness. These are items over which the designer 
has no control other than to set a limit for each. Eccentric load application 
always occurs and the eccentricity is normally variable about both principal 
axes. The end conditions in the usual structural column may be subject to 
analysis, but more often are not. 

Taking the theoretical load at which bending of a perfect column begins 
as the upper limit for structural design and then modifying this limit in de- 
signing may be satisfactory for aircraft work, but it does not apply under 


3% ‘‘Mechanics of Materials,” by P. G. Laurson and W. J. Cox, John Wiley & Sons, Inc., New York, 
N. Y., 1947, 2d Ed., p. 233. 
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existing codes and specifications to civil engineering structures. Two possible 
general design criteria exist. The normal criterion for civil engineering struc- 
tures is to consider the upper limit of column strength to be reached when the 
unit stress at any point in the primary column material reaches the yield point. 
In recent years, the other criterion of ultimate strength has been given much 
attention. However, no matter how the design is made, under normal working 
loads the stresses are within the elastic limit and the column acts elastically. 
If the column is a part of a complex structure, as most columns are, the load on 
the structure which will cause failure of any single column is very difficult to 
determine. If the yield point criterion is used, an approximation can be 
made, but if ultimate collapse is the basis, only a pure guess is possible. The 
structural designer must first consider the stresses in the column under working 
loads with some arbitrary limit set by code or specification which will determine 
the factor of safety. If superposition applies to the system, the factor of safety 
thus found is reasonable. However, when ultimate strength is the basis of 
design, a radical change in approach must be made by comparing the column in 
the structure with an isolated theoretical column in only a simplified mathe- 
matical structure at best. If the two can be compared at all, it can be only an 
arbitrary guess, pure and simple. 

The tests of structural columns reported in the literature are open to the 
same kind of arbitrary decision as are designs by ultimate strengths. First, 
the experimental end conditions are unknown. Testing with flat ends certainly 
results in semielastic supports and the action of the column is not completely 
determined in either the elastic range or the plastic range. To accept test 
data with flat ends as a basis for design requires considerable imagination. 
The pin-ended testing is scarcely better since true pin ends are not obtained 
mechanically, and very small eccentricities can produce large stresses. Thus, 
tests of columns leave gaps in both experiment and application, the latter being 
virtually unbridged except by arbitrary opinion. 

The design of columns in the elastic range by the secant formula is subject 
to question. First, only rarely are eccentricities constant throughout a column 
length. Eccentricities vary normally and exist about both principal axes. 
The further use of positive eccentricities combined with a reduced length 
coefficient based on a negative eccentricity places it in the same category with 
the parabolic and other empirical formulas. 

The writer does not understand why eccentricity and end theruint are 
considered separately. End restraint is often the cause of eccentricity and 
then the two are inseparable. The same basic error contained in the secant 
formula is made in the paper. The idea of end restraint producing a reduced 
length is incompatible with positive eccentricities. Furthermore, eccentricities 
are not normally constant and occur about both principal axes. 

The paper was found most challenging; it is a valuable contribution to the 
subject of columns. 


Hersert A. Sawyer, Jr.,*7 Jun. ASCE.—This well organized and stimu- 
lating paper can be mainly criticized for its quick rejection of the secant 
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formula. The secant formula is a special case of the general column formula: 


in which M is the actual maximum moment in the column from all possible 
causes. ‘This expression is true even in the plastic range if the term c/J, is 
properly modified. Contrary to what the author states in Section 7, the secant 
curve from this general formula has a very distinct relationship to the Euler 
column curve—in fact, the Euler Engesser curve is only a special case of the 
secant curve. The general column formula also appears to agree very well 
with the experimental results cited by the author in his treatment of eccen- 
tricity. Thus these results (and evidently the entire problem of eccentricity) 
seem to have, in the general column formula, a theoretical basis which should 
be recognized, and which serves as a direct tie between the two main parts of 
the paper—one on perfect columns, and the other on eccentric columns. 

To verify these statements, the value of M in the general equation must 
first be found. For this discussion, it is sufficient to do this only for the cases 
of the paper—for any initial eccentricity, e, and any initial moment from trans- 
verse loads, M>», both of which are symmetrically distributed with respect to 
the transverse center line of the column. 
Examples of these cases are shown in 
Figs. 22(a) and 22(b). Many investi- 
gators have evaluated M for various 
conditions of eccentricity, curvature, or 
transverse loading.®*.39 Prominent among 
early investigators was J. M. Moncrieff,*® 
M. ASCE, and the author himself has 
suggested an approach to the problem. 

The writer’s reason for adding another 
basically similar column formula to 
the existing superabundance is that a 
formula was needed for this discussion 

P which, using the author’s notation, 
would apply generally to the author’s 
(a) (b) (c) : : 

Fia. 22.—Exampues oF Intttan Moments ee ek one a phate oe = 
ch: Datnosib ea transversely loaded columns. Existing 
formulas have been developed, for the 

most part, for specific types of transverse loadings or eccentricities. 
fiw Successive approximations will be used, although the principle of super- 
position is true only in the plastic range as applied subsequently, and for 
infinitesimally small values of M, and e. The moment M will be found at the 

midheight of the column, where it is a maximum. 


P 


38 ‘Buckling of Elastic Structures,” by H. M. Westergaard, Transactions, ASCE, Vol. LXXXV, 1922, 
p. 586. 

39 ‘Numerical Procedure for Computing Deflections, Moments, and Buckling Loads,’’ by N. M. 
Newmark, ¢bid., Vol. 108, 1943, pp. 1161-1234. 

40‘*The Practical Column Under Central or Eccentric Loads,’’ by J. M. Moncrieff, ibid., Vol. XLV, 
June, 1901, p. 341. 

41 ‘‘Basic Structures,’’ by F. R. Shanley, John Wiley & Sons, Inc., New York, N. Y., 1944, Chapter 19, 
p. 309. 
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The primary moments at the midheight will be M@,+ Pe. These moments, 
distributed, for example, as shown in Figs. 22(a) and 22(b), each cause a trans- 
B verse deflection, and, when added, would result in a deflection curve like Fig. 
22(c). The total midheight deflection from these moments, A, calculated by 

any standard method, would be 


a Oe fe tb ee ee en ee ee (68) 
t 


in which C, and C, are constants depending on the shape of the curves corre- 
sponding to Figs. 22(a) and 22(b). Values of these constants, as defined by 
Kq. 63, are as follows: 


Distribution of moment Co or Ce 
Triangular (apex at MIdNeIgNt) aoc. cab rcs ns ate ere esa 02882 
Third point trapezoidal (Fig, 22(a)).. 00. .4 «ons od reise « 1.050 
Quarter point trapezoidal.« ...0..:....06).5....00.00.. 1.131 
Rectangular (M» or P e constant).............3.....0. 1.26 
Parabolic (vertex. at midheight) bi. .k... cece pene 1.027 
Sinusoidal (vertex at midheight)...................:.. 1.000 


The tangent modulus is accurate here only for infinitesimally small values of 

M, and e, as shown by the author for perfect columns. For larger values, 

although not accurate, it is certainly more accurate than the elastic modulus. 
The additional midheight moment, M,, from the deflection A will be 


PIA 
PA = Mi = (Cy My + ©. Pe) age nn (84) 


and the additional moment at any height will be P times the deflection at the 
height, producing a moment diagram geometrically similar to Fig. 22(c). 
This curve approximates a sine curve, with negligible error for the foregoing 
values of the constants, C’, and C., since its curvature usually approaches zero 
at either end and is maximum at the midheight. Assuming a sine curve, the 


additional midheight deflection from these moments will be a , and the 
t 


) additional midheight moment from this deflection will be 
Pore EP PT? 
MM; =P. ( an) = 1 ue (eI eM «Shier tes vies 
This increment of moment (with sine curve distribution again assumed), in 
turn, causes another increment of midheight deflection. This deflection, 
e-" by P, gives the next increment of moment: 


Pala -atRrks 


Ma My eT aH, Sem Ine MLS do Seer eee 
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This process may be continued indefinitely, each successive increment of 


Totaling all these increments, a 


ale fh Pod? 
moment containing an additional term ELE 


M = My +Pe+ (OsMit C.Pe) a> 


PL? 2 
xia eee | he (67) 


Summing up the geometric progression, and substituting this value of M 
in Eq. 62, the general column formula becomes 


Co ts0, 
fafetfo+h+ Bee’: 5 nates ee (68) 


fe D? 


in which f, = Mic/I;f. = Pec/I; and f,.= P/A. 

For the special case in which M, and e are infinitesimal, when the term 

1? E t p? 17 EH t I 

f.L? L? 
ure from instability. The curve of this failure will be the Euler-Engesser 
curve, the outermost curve of the infinite number of curves of f, versus L/p, for 
the general formula, Eq. 68. 

For the special case in which M, and f, are zero and ¢ is constant thnbapbinit 
the length, C. becomes 1.26. With this value the formula becomes practically 
identical to the secant formula, the series of Eq. 67 becoming practically iden- 
tical to a secant series. 

Many arguments can be advanced as to whether this approach and formula 
are useful in showing failure above the elastic limit for a material without a 
sharp knee on its stress-strain diagram. As indicated previously, it certainly 
becomes less accurate in these regions, except for very small values of M, and e. 
In any case, the value of this approach will be similar to the value of the 
fictitious modulus of rupture in predicting pure bending failure. 

The best answer to this question is to compare the general formula with the 
test results. This procedure has been used for the series of interaction curves 
in Fig. 14. In doing this, only the values for f,. (the modulus of rupture), the 
value f.o = 60 kips per sq in. for average ultimate stress for a short perfect ; 
column, and a derived value of E; for f. = 50 kips per sq in., as given else- @ 
where," were used; all other points were calculated, using a form of the general 
column formula, giving “‘stress’’ at ultimate loading: 


, f will become infinite, indicating fail- 


becomes unity, or P = 


a+ ( -£)fwesq Sethe + aR ge seiaaal (69) 


f. L’ 
The left-hand term of Eq. 69 (the ‘‘stress” at ultimate loading) is based on © 


the reasoning that, if, for example, f, is seven twelfths of f.o, failure will occur 
when the total bending stress exceeds five twelfths of fx. This result is prob- 
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ably not provable theoretically. Simplifying Eq. 69, 
2 
@ jo (1-B) fr -(4)) 


ite . sits GAN 
1+ 0.05 —£ (2) 


1 E; p 


Curves plotted from Eq. 70 for f», = 120 kips per sq in., as indicated in 
Fig. 13 (and also the original'‘ Fig. 10), did not check the experimental curves, 
especially at high eccentricity ratios. Further investigation showed that the 
experimental curves were plotted incorrectly. From the original source,” 
it can be deduced that the actual modulus of rupture varied from roughly 
115 kips per sq in. to 135 kips per sq in., generally increasing with decreasing 
slenderness ratio and decreasing wall thickness. However, the original investi- 
gators” concluded that until some definite relationship was found it would be 
best to ignore this variation and use a constant value of 120 kips per sq in., 
thus making the experimental failure stresses relatively too high with respect 
to fr, and making the experimental curves plotted against this artificial limit 
err on the unsafe side for low slenderness ratios. Thus, through no fault of 
the author, the curves in Fig. 14 and Fig. 15 are inaccurate, on the unsafe side, 
in representing failure of compression tubing loaded transversely at the third 
points. 

Curves were then plotted from Eq. 70 on the basis of a sliding value of fx, 
starting at 134 kips per sq in. for L/p = 30, and decreasing by 2 kips per sq in. 
for each increase of 10 in L/p, making f,, = 116 kips per sq in. for L/p = 120. 
This very arbitrary variation seemed to fit the small amount of information” 
available concerning f».. It can be seen that the results, shown in Fig. 23, 
agree with the experimental curves very well. Discrepancies for f, > 96 
should be neglected because there were no tests in this region. The other dis- 
crepancies can probably be accounted for by the uncertainty as to fs. and by 
experimental errors. These are especially large at small eccentricities and 
high axial loads, where any imperfection of the specimen tends to make experi- 
mental results very conservative relative to theoretical results. 

Eq. 70 in general nondimensional form would be 


_ GR) — R*,) 


8) hangs TL 4 YZ Wade? OO(7I9 
in which C is either C; or C, as defined previously; 
thao 
ed et pirpocsb hip: (72) 
“a (2 ) mH intteht tat 
p er fe 
& .= e DMARD PataBaIe. ASE ue, 4 (73a) 


42 ‘Strength of Tubing Under Combined Axial and Transverse Loading,’ by L. B. Tuckerman, 8. N. 
Petrenko, and C, D. Johnson, Technical Note No. 307, National Advisory Committee for Aeronautics, 
Washington, D. C., June, 1929, pp. 6-7. 
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and 


Kq. 71 is plotted for constant e, a truly eccentric column, in Fig. 24. The 
author’s radial lines showing eccentricity are very useful for this type of chart. 
For Eq. 71 and Fig. 24 they must be plotted for 


Values of f,.in Kips per Square Inch 


0 20 40 60 80 100 120 140 
Values of f,,in Kips per Square Inch 


Fig. 23.—THroreticaL INTERACTION CuRVES FoR CHROME-MOLYBDENUM-STEEL TUBING 


Similar diagrams could be plotted very quickly for any one of the values 
of the constants, C, or C., by computing the ten or more points at R, = 0 
required to determine the straight lines for Rr. & 
Kgs. 71 and 72 support the author’s prediction that, since Rz depends 
upon L/p and #,, the lines of the nondimensional curve (for example, Fig. 24) 
would change with the value of the exponent n if drawn for L/p instead of Rr. 
Drawn for Fz, the lines are independent of n; and one set of nondimensional 
lines (such as those in Fig. 24) are good for any column of constant E I of any 
material with a certain type loading (such as the constant e of Fig. 24), within 
the limitations of the foregoing theory. These include, besides the limitations 
noted in the foregoing derivation, neglect of variation in tangent modulus 
(from size, shape, age, temperature, and direction and history of stress), 
failure in detail, and any imperfection not included in the terms Mz, Cs, e, 
and C.. ; 


bg) 
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To use Fig. 24 for a given material, fio, fe, and the stress-strain curve 
must be known. Then, opposite each value of R, should be placed the square 
of the corresponding maximum slenderness ratio for the material, (L/p)*.,, 
computed from the Euler-Engesser formula (using the stress-strain diagram to 
obtain #,). Then, for a given member and load, the allowable e may be found 
directly. If the member and ¢ are given, R. must be found by trial and error, 

Values of R, =n. feo c 
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Fia. 24.—Repucep InTERAcTION LINES FoR Eccentric LoNGITUDINAL LoaDING 


two trials usually being sufficient. If the designer uses the concept of the 
factor of safety traditional to civil engineers, the design must be made on the 
basis of an ultimate load equal to the working load multiplied by the factor of 
safety, since f does not vary linearly with P. 

Another check of Eq. 70 against experimental results was made, using the 
remaining data,!4 which was for duralumin tubing loaded in the same manner 
as the chrome-molybdenum-steel tubing. For these tests the value of the 
short perfect column strength had to be revised (for reasons similar to those 
for changing f» for the chrome-molybdenum-steel tests) to a value estimated 
at 38 kips per sq in. from the test data. The resulting theoretical and experi- 
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mental curves did not check as well as the steel curves, the discrepancy being 
from —4 kips per sq in. to +6 kips per sq in. for values of fy up to 55 kips per 
sq in. Even though this difference is well within experimental error,‘ this 
check of Eq. 70 against experiment is not very strong evidence of its usefulness 
for materials less elastic than chrome-molybdenum-steel. More evidence, pro 
or con, is needed. . 

A second criticism of the paper concerns the envelope equation of Section 5, 
in which it is stated that this equation could be used as a kind of over-all column 
curve for any material where weight saving is not too important. In Fig. 11 
the envelope equation is plotted along with various standard column formulas, 
which form a “scatter band,” and it is stated that the resemblance of the 
envelope curve to a parabola shows why parabolic curves have been found 
useful in representing the short column range. 

Actually, the parabolic, straight-line, and Gordon-Rankine-Ritter beciantne 
have applications entirely different from the envelope equation, also their 
applications are more practical. Any one of these formulas has been set up 
empirically for columns of a single material and class with a certain probable 
degree of accidental eccentricity (from warpage, rolling tolerances, accidental 
damage, and eccentricity from the tolerances of theoretically concentric end 
connections). On the other hand, the envelope equation applies only to 
perfect columns made of an infinite variety of materials. Certainly any 
agreement between the various empirical formulas and the envelope formula © 
is entirely coincidental. 

The coefficients of B in Eqs. 26, 27, and 28 actually vary widely from ma- 
terial to material and class to class, even in nondimensional form, to provide 
for different expectancies of imperfection. Also, the actual coefficients used 
for carbon steel structural columns, for example, show better agreement be- 
tween the empirical formulas than Fig. 11 would indicate.44 

The empirical formulas, easy to use, and taking into account unpredictable 
eccentricities for a given material and class of columns, will always have great. 
practical value for the purposes for which they were developed. On the other 
hand, it is hard to see a design situation in which the envelope equation would 
be of value. For extraordinary materials and eccentricities, experimental 
results along with the general column equation (using the tangent modulus so 
ably advocated by the author, and maximum tolerable values of accidental 
eccentricity) should be used, the generalized Euler equation being a special 
case of this application. 

The fundamental importance of accidental eccentricity to routine column 
design is illustrated by an example. A ‘perfect’? 14 WF 202 column, 30 ft 
long, would take an ultimate load-of more than 2,100 kips according to the gen- 
eralized Euler formula. Taking into account chance eccentricities, the Amer- 
ican Institute of Steel Construction (AISC)*® gives a 3/8-in. ‘‘out-of-lineness” 
rolling tolerance for this column, and it would probably not be too conservative 
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to add a constant e of 1/8 in. from all other causes. Using the general column 
formula with fr = feo = 40,000 Ib per sq in., the ultimate load is about 1,420 
kips. The allowable load on this column, using the parabolic formula in the 
1946 AISC specifications, ‘*® equals about 784 kips, which when multiplied by 
the usual factor of safety‘” of about 1.8 agrees roughly with the foregoing 
result of 1,420 kips. 


EK. C. Hartmann,‘*®? M, ASCE.—No structurally-minded engineer can read 
Mr. Shanley’s excellent paper without finding much to stimulate his thinking, 
especially with regard to the significant part of the stress-strain curve for metals 
which lies above the range of purely elastic action. . In his usual, clear, concise, 
and nonmathematical manner Mr. Shanley has covered some rather compli- 
cated concepts in a way which makes them more understandable, thus setting 
a good example to other engineering authors who do not always qualify for 
words of praise along these lines. 

In the section of his paper dealing with the effects of eccentricity, Mr. 
Shanley has confined his attention to those members which fail in the plane of 
the applied bending moment. It might be well to point out that there is an- 
other classification of members, such as I-beams and H-beams, which may tend 
to fail at right angles to the plane of the applied moment, thus complicating the 
problem beyond that which is covered in Mr. Shanley’s treatment. If an 


_I-beam, for example, is loaded to failure as a column with the end load applied 


é 


= 2 


in the plane of the web, but eccentric with regard to the centroid, it is highly 
probable (assuming no local buckling) that the I-beam will fail by buckling in a 
direction at right angles to the plane of the web. 

The problem of the lateral buckling of eccentrically loaded I-shaped and 
H-shaped columns is not an academic one in civil engineering practice and 
deserves more attention than it has received in the past. Among those who 
have contributed are 8. Timoshenko* in 1936; Bruce Johnston,®® M. ASCE, in 
1941; and H. N. Hill, Assoc. M. ASCE, and J. W. Clark," Jun. ASCE, in 
1948. 


F. R. SHANuLEY.*—The discussions of this paper by a number of experts 
have been most interesting and have contributed greatly to the knowledge of 
the subject. Most of the comments were of a constructive nature and were 
clearly presented. The writer wishes to thank the discussers collectively. 

During the time that has elapsed since the preparation of the paper in the 


4 “Steel Construction,’”’ AISC, New York, N. Y., 5th Ed., 1947, p. 64. 
“1 “Standard Specifications for Highway Bridges,”’ A.A.S.H.O., Washington, D. C., 5th Ed., 1949, 
p. 242. : 
48 Soe Eng. Design Diy., Aluminum Research Laboratories, Aluminum Co. of America, New Kens- 
ington, Pa. 
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summer of 1947 a number of significant developments has occurred. Some of 
these have a bearing on the questions raised in the discussions and will there- 
fore be mentioned briefly. 

Mr. du Plessis mentions the case of a reinforced concrete column which 
bent gradually under heavy load and had to be supported laterally. This 
was evidently a case of instability as a result of compressive creep, a phenom- 
enon which has been of some concern to the writer. Several years ago some 
experiments were made (at Lockheed Aircraft) in which a plastic (lucite) 
column, at room temperature, was subjected to a steady load equal to approxi- 
mately two thirds of the buckling load determined under ordinary testing 
machine conditions. Careful measurements of lateral bowing showed a small 
but gradual increase over a period of several months; sudden buckling then 
occurred, with practically no warning. | 

Investigation of this phenomenon has since been under way by the writer 
and his associates at the Rand Corporation. Thomas Higgins has developed 
a method of predicting the deflection-time curve, using a procedure similar to 
that by which Theodor von Kaérmén,‘ Hon. M. ASCE, treated the eccentric 
column in the inelastic range. Creep curves were used as a basis, instead of 
the usual stress-strain diagram. Tests made at Battelle Institute, in Columbus, 
Ohio, show that column failure may occur under steady load at some time 
after initial application, the length of time depending on the average com- 
pressive stress, slenderness ratio, and temperature. It is of interest to note that 
complete collapse usually occurs before the bowing exceeds the core ranine by 
any appreciable amount. 

Mr. Karol’s discussion of the interaction curves for combined bending 
illustrates how these curves can be derived by applying well known principles; 
and how they are related to the secant-modulus formula. This type of analysis 
may be useful in reducing the number of tests needed to establish the curves; 
however, the writer recommended the interaction curve method primarily 
because its simplicity permits the investigator to determine, with relatively 
few tests, the actual curves for various cross sections and materials. This 
seems to be important for members of complex cross section in which local 
buckling or other forms of instability may play a part. 

It should be noted that an interaction formula is used for combined bending 
and compression in the manual®™ of the American Institute of Steel Construc- 
tion. If secondary bending is not included in the computation of the bending 
stress, the formula would be represented by a straight line in Fig. 15, indicating 
unsafe values for slenderness ratios much greater than 40. 

Mr. Popov states that the Ramberg-Osgood formula does not adequately 
represent the stress-strain diagram for some materials (such as ordinary steel), 
and that the writer’s argument, to a large extent, ‘““* * * rests on the adequacy 
of the empirical algebraic relation selected * * *.” On the contrary, the 


5 “Steel Construction,’’ AISC, New York, N. Y., 5th Ed., 1947, p. 284. 
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mathematical formulation of the stress-strain diagram should be regarded only 
as a convenience to be used when applicable. It was, perhaps, misleading 
to use the mathematical curves in presenting the nondimensional column 
curves. Any column curve or formula may be presented in this manner. In 
actual practice the tangent-modulus column curve is usually determined 
directly from the stress-strain diagram for the material. 

Mr. Sawyer’s remarks on the original data from which Figs. 14 and 15 
were derived are important in connection with any attempt to apply a theoret- 
ical analysis to the interaction curves. As previously stated, however, these 
curves were presented only to illustrate the method and were labeled unsafe 
(see Section 7) for general use. 

The writer certainly did not mean to add another column equation to the 
long list of empirical and semi-empirical equations. The remarks on the 
possible use of the envelope equation were intended to emphasize the point 
that all types of stress-strain curves would be safely covered by such an equa- 
tion, if the value of f, were defined as indicated. 

Mr. Hartmann’s remarks reveal another class of eccentric columns in which 
an additional interaction phenomenon must be considered—namely, the inter- 
action between the eccentric bending moment in one principal plane and the 
induced or secondary bending moment in the other principal plane. Perhaps 
some of the analytical methods presented in the other discussions could be 
extended to include this unsymmetrical bending phenomenon, but one solution 
would be to find some interaction curves by actual tests. It might then be 
possible to convert the eccentric bending moment in one plane to an equivalent 
(reduced) bending moment in the other. From a practical point of view, how- 
ever, the use of the straight-line interaction curve previously mentioned™ 
might suffice, since the ‘‘sag”’ of the curves would probably be reduced. The 
lowest values of the allowable axial loads or bending moments thus obtained 
would of course be used. 

In closing this discussion the writer would like to emphasize the importance 
of defining the level at which the analysis or investigation takes place. The 
most frequent criticism of the tangent-modulus theory is a statement to the 
effect that there is no such thing as a perfect column. Such a criticism can be 
applied to any scientific theory, since all such theories are based on idealizations 
or abstractions. The only thing that can be discussed intelligently is the 
degree of abstraction involved and its relation to the actual phenomenon, 
which can never be completely described by words or equations. 

In this paper the emphasis was on the application of the column theory in 
structural engineering. It was shown that an accurate estimate of the buckling 
load can easily be obtained from the compressive stress-strain diagram. A 
simple engineering method for reducing this load to account for eccentric 
loading was developed. Simple methods of reducing test data to standard 


55 ‘Science and Sanity,’’ by Alfred Korzybski, Science Press, Lancaster, Pa., 3d Ed., 1948, p. 434. 
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values were presented. It is possible to move in either direction from this 
level. On the one hand, empirical equations may be fitted to the resulting — 
curves, perhaps for handbook or specification purposes. On the other hand, 
one may attempt to analyze the action of the eccentric inelastic column in a 
detailed scientific manner.*® Confusion of these levels of abstraction can lead 
only to arguments that have no end and delay real progress. The writer 
hopes that this paper will help to eliminate some of the confusion which seems 
to have surrounded the column problem for so many years. 


' Fe “Inelastic Column Buckling,” by Tung-Hua Lin, Journal of the Aeronautical Sciences, March, 1950, 
p. N 
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sign of Stiffened Shear 
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PAUL H. DENKE* 
Douglas Aircraft Company, Inc. 


ABSTRACT 


A simplified graphical solution of a previously published elastic 
energy analysis of shear panels is presented. Comparison is 
made between the results of the analysis and experimental data, 
and satisfactory agreement is found. A qualitative description 
of the failure of flat and curved shear panels is given, together 
with an example of the stress analysis of flat panels. It is con- 
cluded that a rational, easily applied, and satisfactorily accurate 
method has been developed for determining the stress distribu- 
tion in stiffened shear webs. It is expected that future develop- 
ment, some of which has already taken place, will permit the pre- 
diction of ultimate loads not only for thin web beams but also for 
curved panels typical of wing and fuselage structure. 


INTRODUCTION 


1) Dans PRESENT PAPER provides a simplified graphical 
solution of a previously published shear panel 
analysis.! It also gives a comparison with test data and 
shows some of the applications in stress analysis and de- 
sign. The previous paper presented a mathematical 
solution of the problem, but the results were not in a 
form suitable for practical calculation. This difficulty 
has been remedied through the discovery of a means of 
graphical presentation of the important variables. 


The experimental comparison is with the N.A.C.A. 
data on diagonal tension beams.” Other experimental 
studies of the stress distribution in shear panels are 
available, but time did not permit a critical comparison 
with all. Agreement with test data is satisfactory in 
most cases, and such discrepancies as exist can probably 
be explained on the basis of difficulties involved in the 
testing technique. 


: The section on engineering applications is necessarily 
@.i.: for lack of space, but it is hoped that the discus- 
sion given will serve as the basis for further develop- 
ment. It is deemed advisable, at present, to avoid par- 
ticularizing too much with regard to the estimation of 
ultimate shear loads, because these depend on the detail 
design of the panel which varies a great deal among the 
various air-frame manufacturers. Greatest emphasis is 
therefore laid on the determination of the stresses exist- 
m2 in various portions of the panel for a given shear 

d. Whether or not these stresses will cause failure 
in any of the panel components requires additional cor- 
relation between analysis and test results. 


Presented at the Structures Session, Annual Summer Meeting, 
I,A.S., Los Angeles, July 21-22, 1949. 
* Structures Engineer. 


Historical Survey 


The following brief outline is not meant to be exhaus- 
tive but is intended only to trace the growth of the prin- 
cipal methods of shear panel analysis so far proposed. 


Immediately after the publication of Wagner’s class- 
ical treatise on the pure tension field,* it became clear 
that the assumption of zero diagonal compressive stress 
was entirely too conservative, even though it did pro- 
vide a clear qualitative understanding of the behavior of 
thin-web beams in shear. In order to avoid this dif- 
ficulty, three principal methods of analysis or design 
arose, of which the first was the purely experimental ap- 
proach whereby components such as spar webs, wing 
panels, or fuselage panels were tested to destruction. 
This is the soundest means of determining the strength 
of a shear panel, provided suitable testing methods are 
employed. However, it is expensive and time-consum- 
ing and is not well adapted to certain purposes, such as 
the systematic search for optimum panel proportions, 
because of the large number of variables involved. 
Moreover, the experimental inaccuracies that inevitably 
creep in make it advisable to have on hand an analysis 
method that can serve as the basis for interpreting test 
results. 


The second approach was through the modification of 
the Wagner equations. This was accomplished most 
simply by assuming that the principal diagonal com- 
pressive stress was not zero but constant and equal to 
its value at the critical buckling load. Analyses of this 
type have been developed by Langhaar,* Sechler and 
Dunn,* Niles and Newell,® Bruhn,’ and others. These 
methods also tend to be conservative because many 
webs buckle at a negligible fraction of their ultimate 
strengths, and the computed diagonal compressive 
stresses, assumed constant after buckling, are therefore 
too small. 


A more realistic modification of the Wagner equations 
was proposed by Kuhn.® In his analysis, the fraction of 
the shear load carried in diagonal tension is assumed to 
be given by an empirically determined function of the 
shear stress. The remainder of the load is carried as in 
a shear-resistant web. Since the various empirical con- 
stants have been evaluated to fit experimental results, 
the analysis can be expected to be reliable in the range 
covered by the test data, provided suitable testing tech- 
niques have been employed. The method is not well 
adapted to the analysis of heavy webs, since it provides 
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thin-web beam are longitudinal stiffeners if they are 
closer together than the flanges; otherwise, they are 
transverse. On a fuselage panel the longerons are ordi- 
narily closer together than the frames. The longerons 
are therefore longitudinal stiffeners, and the frames are 
transverse stiffeners. 


NOTATION 
The notation of reference 1 has been revised as follows: 
W = panel width free to buckle, in. 
TA akon IG; = panel length free to buckle, in. 
ENN ia t = web thickness, in. Ge 
NY, WG = average web shear stress, lbs. per sq.in. 
NS i E = effective web modulus of elasticity, lbs. per sq.in. : 
Er, = effective longitudinal stiffener modulus of elasticity, 
lbs. per sq.in. 
Er = effective transverse stiffener modulus of elasticity, 
lbs. per sq.in. 
A; = longitudinal stiffener cross-sectional area, sq.in. 
Ar = transverse stiffener cross-sectional area, sq.in. 
In = longitudinal stiffener moment of inertia, in.4 
Ir = transverse stiffener moment of inertia, in.4 
Rr = longitudinal stiffening ratio 
Rr = transverse stiffening ratio 
fi = web average longitudinal tensile stress, lbs. per sq.in. 
Fic. 1. Average web longitudinal tensile stress. EI ADIGE eevee tenes stress ia Sarit: 
a, = web average diagonal tensile stress, lbs. per sq.in. 
% = web average diagonal compressive stress, lbs. per sq.in 
3 : : Wz. = longitudinal stiffener local bending load, lbs. per in. 
ue ace of computing the bending loads imposed on Wr = transverse stiffener local bending load, lbs. per in. 
the stiffeners by the buckled sheet. Mz, = longitudinal stiffener local bending moment, in.|bs. 
The third approach to the shear panel problem was Mr = transverse stiffener local bending moment, in.lbs. 
simply to make use of established mathematical pro- Ge = panel secant shear modulus = f,/7, lbs. per sq.in. 


cedures to determine a reasonably close approximation 
to the true distribution of stress existing in the web and 
its stiffening elements. The mathematical instrument 3 | z 
usually employed was the principle of virtual displace- | : 
ments, or minimum potential energy, various forms of 

which were developed by Rayleigh, Ritz, and Galerkin. 

These methods make use of the well-known expression 

for the strain energy stored in the buckled web.!° The 

first analysis of this type appears to have been that of 
Kromm and Marguerre,? who applied the energy prin- 

ciple to the problem of the infinitely long shear panel 
subjected to stresses greater than critical, for the two 

cases of infinite and negligible transverse and longitudi- Ri 
nal stiffening. The mathematical basis of the present 

paper, first presented in 1943, derives from the work of { 
Kromm and Marguerre, although certain points of pro- 
cedure are quite different. Recently, Levy and others 


aay 
have published analyses employing the energy method a 


Pan 
or the equivalent differential equations of von Karman. SEE EAE 
Besides the shear panel analysis, the writer has on ek 


hand certain unpublished investigations into the be- 
havior of long, flat, and curved panels subjected to com- 
bined shear and compression. 


yo = average panel shear strain 


a 
pa 
PALEY 
In the following discussion, ‘longitudinal’ and 


“transverse” refer, respectively, to the long and short BC: L 
dimensions of the panel. Thus, web stiffeners on a Fic. 2. ‘Longitudinal tensile stress correction factor. 


Nomenclature 
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Ry=l Ry=l plotted rather than the stress itself, in order that the 
curves shall have asymptotes (see Figs. 1 to 17). Asa 
result, it is possible to estimate values closely, even when 
they run off the curve sheet, and this happens only 
rarely because of the logarithmic scale for f,WL/(Et?). 
The associated K factor is simply the ratio of the asymp- 
totic value of the function for the given stiffening ratios 
R,and R, to its asymptotic value for Rr = land R; = 
1. An example of the use of these charts is given in a 
500 ARE eles aloe later section. . at 

The following quantities are presented graphically: 
fi, fr, &1, Wir, Wr, Mz, Mr, and G,. Most of the im- 
portant panel loads and stresses are thus represented, 
and the remaining ones can be obtained by straightfor- 
ward calculation. It was not found possible to plot the 
depth, length, and angle of the web buckles in simple 
oY Meso a, fashion, but these are not ordinarily required in analy- 

a) cal aac, Ma sis. However, further investigation may disclose a 
means of plotting these quantities also. 

The charts are based on a value of Poisson’s ratio 
equal to 0.33. 

It has been found that, by comparison with calcula- 
f , oy ; 
a tions made from the original analysis, the panel stresses 
obtained graphically are given to slide-rule accuracy. 
The charts therefore comprise a solution of the mathe- 
matical analysis complete and accurate enough for en- 
gineering purposes. 


Fic. 3. Average web transverse tensile stress. 


Ar, = effective longitudinal stiffener area, sq.in. 

p = stiffener radius of gyration, in. 
COMPARISON WITH TEST DATA 

GRAPHICAL PRESENTATION OF THE SHEAR 


The stiffener stresses for the beams of series I, II, and 
PANEL ANALYSIS 


III of reference 2 were computed and compared with 
The graphical method discussed in this section was 

developed in collaboration with D. M. Conner, of Doug- 

las Aircraft. Mr. Connor also contributed to the sec- 

tion on the qualitative behavior of shear panels. Ac- 10 

knowledgment is likewise made to S. Noskoff from 

whose computations the design charts were constructed. 


A 
~ 
“ 


The four basic independent dimensionless groups in- S 
volved in the analysis are the stress ratio f,WVL/(E*), 
the panel aspect ratio L/W, and the transverse and 
longitudinal stiffening ratios Rr and Rz. The effect of 
the quantity Re of reference 1, which relates to the 

ow": flexibility of beam flanges, is accounted for in a 
er paragraph by modifying Rr and R, in order to 


Ry 


avoid introducing a fifth or sixth independent variable. | ——— 
It is therefore necessary to plot the important panel = 
; é < a al 

stresses, such as the diagonal tensile stress 61, as func- pest 
tions of four independent variables. In general, these 5 -—— | 
are too many to plot, and the mathematics gives no clue ae 
as to how matters can be simplified. eee et 
However, it is found by calculation that the various Aaa 


nel stresses can be plotted as functions of the stress 
@:. and the panel aspect ratio for Rr = 1 and R; = 
1. The effect of the actual panel stiffening can then be 
accounted for by means of a multiplicative factor K, Ms a Se LAG 
which is a function of Rr and R,. In all cases, the ratio rg b Kee 
of the desired stress to some power of the shear stress is Fic. 4. Transverse tensile stress correction factor. 
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the test results, as shown in Figs. 18, 19, and 20. The 
method of computation is similar to the example given 
in a later paragraph. However, in the case of beams 
having stiffeners on one side of the sheet only (these are 
denoted by ‘‘S’’ in the beam code number), it was nec- 
essary to account for the fact that test stresses were 
measured only on the leg of the stiffener attached to the 
sheet, so that bending stresses were not eliminated. 
The correction was made according to the simple theory 
of flexure. 


It should be noted that the computed stiffener stress 
is due only to the axial load introduced by the buckl 
web plus the bending due to the fact that the web is ec-~ . 
centric with respect to the stiffener. However, the 
range of test scatter indicates that extraneous stresses 
have affected the measurements. These additional 
stresses may be due to stiffener column action, stiffener 
torsional instability, or lateral loads imposed on the 
stiffener by the buckled web. However, the method of 
the present paper indicates that the web wrinkles pro- 
duce small bending moments in the stiffener. If it be 
assumed that these moments are resisted only by the leg 
of the stiffener attached to the web, it is still only pos- 


(ws) sible to account for a portion of the observed scatter. 
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Fic. 13. Transverse stiffener local bending moment. 


In an effort to eliminate the extraneous stresses, the 
strain gage readings were averaged up and down the 
length of the stiffener. But it does not follow that the 
resulting average would represent the sum of the com- 
pressive plus eccentric bending stress, as supposed. 
Ry Thus, it is not surprising that the largest discrepancies 
between computed and test results occur for beams with 
single web stiffeners. (Beams having stiffeners on both 
sides of the sheet are denoted by ‘“‘D”’ in the code num- 


ber.) 
It should be kept in mind in examining Figs. 18, 19, 
SSS and 20 that no empirically determined functions have 


entered the analysis at this point, except the experi- 
mentally determined variation of effective web modulus 
with shear stress discussed later. 


ANALYSIS AND DESIGN 


Failure of Flat and Curved Shear Panels 


AREAS AN 


aw ane This section is a qualitative description of the & 
\ 


havior of both flat and curved shear panels at failure. 
It is believed that the present analysis may be applied, 
with suitable modifications, to curved panels in any 
case where the stiffening elements are sufficiently close 
together so that the sheet bounded by them is, for all 
practical purposes, flat. For example, a fuselage 
panel having a radius of curvature of 60 in., with lon- 
gerons 6 in. on center, should come under this “e 


fication. 
Fic. 14. Transverse stiffener local bending moment correction Shear panel webs he mally en throtes aeoate 
factor. tension. Although basically simple, the mechanism of 
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Fic. 15. Longitudinal and transverse local bending load and moment correction factors. 


diagonal tension is complicated by the following factors: 
(1) The diagonal tensile stress is not uniform but, in 
the ideal web, tends to be maximum at the center and 
minimum at the edges. (2) The effect of wrinkling is 
to introduce bending stresses that add to the diagonal 
tension. These stresses likewise vary throughout the 
web and, in the ideal case, tend to a maximum at the 
center. (3) In the actual case, the riveted attachment 
of web to stiffeners produces stress concentrations that 
cause failure to start at the panel edges. Fig. 21 
shows a diagonal tension failure. 


O23 oS ee ee Oe el 9 ae a 


Fic. 16. Panel secant shear modulus. 


Stiffener Failure 


The term ‘“‘stiffener’’ is here used in a general sense 
and may denote the stiffeners or flanges of a tension 
field beam, the stringers or ribs of a wing panel, or the 
longerons or frames of a fuselage panel. The following 
types of loads contribute to stiffener failure: 

(1) Axial Loads.—In the case of a beam, the longi- 
tudinal tensile stress f; is transmitted into the stiffener, 
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Fic. 17. Panel secant shear modulus correction factor. 
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producing the compression load P;, as shown in Fig. 22. 
A stiffener that failed locally in axial compression is 
shown in Fig. 23. The transverse tensile stress fr pro- 
duces similar loads Py in the flanges. In the case of a 
fuselage panel, the transverse tensile stress fr has an 
inward component because of curvature, as a result of 
which radial loads per inch Wg are produced on the 
stringers (see Figs. 24 and 25), which in turn introduce 
compressive loads P; in the frame. 

(2) Eccentric Bending Load.—Besides producing com- 
pressive stress in the stiffener, the load P; mentioned in 
reference 1 also introduces bending if the centroid of the 
stiffener does not lie on the skin line. Thus, in Fig. 26, 
the stiffener bending moment is P32. 

(3) Column Action and Torsional Instability —Beam 
stiffeners may have a tendency to fail as columns under 


lence. Pal 


Web diagonal tension failure. 


the action of the stiffener axial loads. However, there 
are certain characteristics of shear panel behavior 
tending to minimize the likelihood of column failure, as 
is demonstrated by the following argument, which is 
thought to be valid in the case where the stiffeners are 
much closer together than the flanges. 

Consider the curved stiffener shown in Fig. 27. The 
curvature may either be built in or be due to the bend- 
ing effect of the various bending loads, discussed else- 
where, which are imposed upon the stiffener. The 
curve AB shown in the figure represents the mean de- 
flection of the wrinkled skin, assumed to be the same as 
the deflection of the stiffener. Assuming that the length 
of the stiffener is sufficient so that the skin will act as a 
membrane over the distance AB, it follows that there 
must be certain distributed loads W., as shown, such 


Ge 


Fic. 22. Stiffener axial load. 
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Fic. 23. Stiffener axial load failure. 
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Fic. 24. Curved panel frame loads. 
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Curved panel frame loads. Fic. 26 (right). 
fener eccentric bending moment. 


AL 


Fic. 25 (left). Stif- 


that the combined bending moment of W, and P, about 
any point of AB is zero. Furthermore, the resultant at 
any point must be tangent to AB and equal to P;. In 
the free-body diagram of the stiffener, CD is the cen- 
troidal axis. In this diagram also, the resultant load at 
any section of the stiffener is tangent to AB and equal to 
P,. Consequently the moment about any point of CD 
due to the load P; is equal to, but no greater than, P;z. 
The column effect is therefore negligible. 
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Fic. 27. Stiffener column action. 


Fic. 28. Stiffener local bending loads. 


In the case where the stiffeners are far enough apart to 
invalidate partially the above argument, because the 
web no longer bends with the stiffener near the panel 
center, the transverse tensile stress fp begins to acquire a 
component tending to oppose lateral deflection so that 
the possibility of column failure is again inhibited. 

The effect of the tension field in partially supporting 
the stiffener was first pointed out by Wagner,? who ac- 
counted for it by using a reduced column length in com- 
puting the strength of the upright. 

Open section stiffeners on beam webs show a tendency 
to fail by torsional instability. Whether or not “® 
type of failure is opposed by action of the web is no 
clear. 

(4) Stuffener Secondary Bending—The longitudinal 
and transverse tensile stresses f, and fr produce 
secondary bending stresses in the flanges and end 
stiffeners of beams. These stresses are of particular im- 
portance in the flanges of beams having widely spaced 
stiffeners. 

(5) Local Bending Loads.—This is the term he 
used to denote the bending loads imposed on the “tring 
by the buckling of the web. The effect is illustrated in 
Fig. 28. The loads per inch Q, produced on the stiffener 
are localized and sinusoidal in character. The maxima 
occur at points where the wrinkle crests intersect the 
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stiffener. The bending moments produced in the 
stiffener are in phase with the load. The loading shown 
@ in Fig. 28 is due to one panel only. If there are two ad- 
jacent panels, then the total stiffener load is the sum of 
the loads contributed by both panels. The resulting 
load on the stiffener is designated W,. The stiffener 
moments are larger if the two loads are in phase than if 
they are out of phase. In particular, if the two ad- 
jacent panels are identical and equally stressed, then the 
stiffener moments are maximum if the loads are in 
hase and identically zero if they are 180° out of phase. 
g. 29 shows a stiffener failure apparently due largely 

0 local bending moments induced by the buckled web. 


(6) General Bending Loads.—These are the loads im- 
posed on the longerons or curved fuselage panels as a re- 
sult of the curvature of the tension field and are, in 
fact, identical with the loads Wz shown in Fig. 25. Re- 
actions are provided by the frames as shown in Fig. 30. 
The stringer is thus a uniformly loaded continuous 
beam, with the maximum bending moments occurring at 
the frames. Fig. 31 shows a curved panel in which the 
longitudinal stiffeners failed under the action of the 
general bending load. 


(7) Torsional Loads.—The local loads imposed on a 
stringer by two adjacent panels may combine to produce 
torsion instead of bending. This effect is particularly Fic. 29. Stiffener local bending failure. 
pronounced where the panels are identical and equally 
stressed, provided they buckle 180° out of phase as in 
Fig. 32. Fig. 32 also shows the resulting torsional loads 
on the stiffener. 


Rivet Failure 


The following loads contribute to rivet failure: 

(1) Shear Loads—The total shear on a transverse 
riveted seam or attachment is found by vectorially 
adding the stresses f; and fy. On a longitudinal seam or 
attachment, the total stress is the vector sum of f, and 
fr. In the panel shown in Fig. 33, the riveted attach- Wg L WgL W gl 
ment along the lower (transverse) edge failed in shear. 


(2) Tensile Loads——The same loads that produce 
stringer bending also tend to cause failure of skin-to- 
stringer rivets in tension (see Fig. 34). Actually, the 

neral load We always acts radially inward; conse- 

Oy: it always reduces the rivet tensile load. It is 
the local load Wy; which is primarily responsible for 
panel failure by rivet tension. The total rivet load is 
equal to (W, — We)Spr. However, it should be noted 
that, in curved panel tests, the panel frequently flattens 
out, thus reducing the load Wz and causing rivet tensile 
failure to occur under the action of W,. Fig. 35 shows a 
rivet tension failure. 


Fic. 30. Curved panel stiffener general bending loads. 


ess Computation 


It is believed that the various effects discussed above 
can be adequately evaluated on the basis of the present 
method. No example is given in what follows of the 
computation of loads in curved panels, but the flat panel Fic. 31. Curved panel stiffener general bending failure. 
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troids of the upper and lower riveted attachments times 
the sheet thickness. 


Effective Modulus 


Fig. 37 gives the effective web modulus of elasticity as 
a function of the shear stress for 24STAL and 75STAL 
materials. This empirical relation is based on load-de- 
flection data derived from a large number of shear panel 
tests made at Douglas Aircraft. The use of these 
curves to account for panel behavior above the elastic 
limit of the web is justified by the agreement found in 
the previous section between test and analysis for t 
two kinds of material. 
Fic. 82" —Sehener torsion losda: It is logical also to use some sort of effective modulus 
for the stiffening elements, but this would require a solu- 
tion by successive approximations, since stiffener 
stresses are not known in advance. However, such a 
procedure can normally be avoided, since stiffeners, 
being in compression, are usually not so highly stressed 
as webs. 


Stiffening Ratios 
Basically, the stiffening ratios are given by 


pa teEe yp aoe 


Wt E’ tes 


Fic. 83. Rivet shear failure. 


Wi- We 


example should serve to indicate the type of calculation 
required in curved panel analysis. 


Analysis of Flat Panels 


In flat panel analysis, the basic geometric data and (W-W.)S$ 
loading are determined, values of the panel stresses are L Cah 
read from the charts for R, = 1 and Rr = 1, these Fic. 34. Rivet tension loads. 
readings are multiplied by the correction factors corre- 
sponding to the true stiffening ratios, and the final 
stresses and loads are obtained by simple calculation. 


Panel Dimensions 


Fig. 36 shows the basic geometric data. The panel 
length L is the length of sheet free to buckle. Similarly, 
W is the buckled width. The longer dimension is al- 
ways denoted Z. In the case of single web stiffeners 
with a single row of rivets, the web buckles all the way 
to the rivet line, and W (or L) is measured from rivet 
row to rivet row. If the web stiffeners are double, the 
strip of skin between stiffeners should be considered un- 
buckled, and W is measured to the stiffener edges. 


Shear Stress 


In the case of a beam, the shear stress is taken as the 
total load divided by the distance between the cen- Fic. 35. Rivet tension failure. 
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Fic. 36. Basic geometric data. 


In these expressions, A; is the amount of longitudinal 
stiffening associated with the area Wt of a transverse 
web section. Similarly, A,7 is the transverse stiffener 
area associated with the area Li of a longitudinal web 
section. 

In the case of an interior panel of a beam (e.g., 
not the end panel), Az is the area of one stiffener where 
there are single stiffeners or is the area of two stiffeners 
where there is double stiffening (see section BB, Fig. 
36). Av, is the total area of both flanges. 

In determining the longitudinal stiffening ratio for a 
beam, the bending flexibility of the flanges should be 
accounted for. This may be done by modifying the 
expression for R; as follows: 


Pee) were) 
L W3Az (= =) Ey, 4 1 
Sin Be ky ma lise 


where J7, and J7, are the moments of inertia of the 
upper and lower flanges. This equation was derived by 
finding the area of an effective stiffener which, when 
combined with infinitely rigid flanges, gives the same 
average strain as the actual stiffener-flange combination 
under the same loading. 

Where there are stiffeners on one side of the sheet 

ly, the longitudinal stiffener area should be replaced 
by an effective value given by 


uy. EE aS 
~ [1+ (Z/p)?] 


where Z is the distance from the stiffener centroid to the 
centerline of the web (see Fig. 36). This expression is 
due to Kuhn.” A similar correction may also be applied 
Se transverse stiffeners. Where the stiffeners are 
ouble, no correction of this kind is required, but Az 
should include the area of the strip of web between 
. stiffeners. 
Note that the value of / used in the stiffening ratios 
should be the effective value of the web modulus. 


Ar, 
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Example of Flat Panel Analysis 


Determine the stress distribution in the beam shown 
schematically in Fig. 38. The design moment is 13,500 
in.lbs. (compression on top), and the design shear is 
1,225 Ibs. per in. 


fs = 1,225/0.051 = 24,000 lbs. per sq.in. 


From Fig. 37, 
E/E, = 0.487 
E =| 0.487 X 10.6 XK 10®°°= 5.16 X 10° lbs. per 
sq.in. 
fs Wr if 24,000 X 8 X 13.5 ee 
ae bal Gas 08ex<. 0:0512 
Ve = 915.5) 557 1,69 
Ona 
A = = 0.053 Flak 
& 1 + (0.423/0.363)? ise 
A,,-x . OS35~ 106 C10" — 0271 
Wer reeS <1 0.0510 Gel 6X 108 
PGES ere haere rere Per Ereo 
B ECE EERE EERE EEE EEEEEEEE EERE EEEETH 
- Se005 0050000000 00000e7 sce Gean eee 
PEER EEE SEE 
i BEECHES EEE 
E PEEEEEEEE NEE 
ane FESS UOAaGoCe 2 Soe Le Se 
EEEEEEEEEE PEEP EEE EEE 
BEER EEE hE SPEDE DEP rE 
. PERE EEE EEE SSE 
EEEEEEEEEEEEEEEEEEEEREEEEEEE 
; BEEEEEEEEE EEE EEE EEE 
fe) 5 10 5 20 25 30 35 
(f; |000 PSI) 
Fic. 37. Effective web modulus of elasticity. 
75 ST 
A=.281 IN‘ 
1=.041 IN eae 
1s aa 
347 fos | 
302 
be | Z| 5 
051 24 STAL WEB — AN 3 BOLTS BO ee 
A=.375 IN? F, Saas. 
I=: ba e, £ 
75 a ‘ tel Baier ne Rae hs 
398 75 ST 
SEC. A-A 


Fic. 38. Beam example. 
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a Ls eee ie 41 — 82 X 0.0588 
20s Nigel Galan) dio 20) Gils 


il 1 
Pr: a 1 = 1.130 
Gai a fae) di 


iG O27 1 30 = 07240 
0.281 0375 10.6 10° 
Re et 0a ea 
13.53X°0,05 DCS 162 lo kOe 
(See Table 1.) 
TABLE 1 
Uncorrected Corrected 
Type of Stress Value ae Value 

(or/fe) ad 0.417 0.910 0.380 
Eiis 0.415 0.515 0.214 
T/fs ; , 0.422 1.235 0.522 
x (F ne a 26.5 1.015 X 1.025 27.6 

Mi Ya (WL 5/4 
EWLI G ( D ) 3.63 0.985 & 0.905 3.24 
Web 


é1 = (0.380 + 1)24,000 = 33,100 lbs. per sq.in. 


This figure should be multiplied by a factor to account 
for stress concentrations at the riveted attachment. A 
suggested correction is 


Sr 
BS pore) 
where Sp = rivet spacing, D = rivet diameter, and 
K = concentration factor & 1.1 for round-head 
rivets. 
Stiffeners 
P, = fitwW = 2,100 Ibs. 
Mr, = 3.24 EWLt/(E/f.) “(WL/#2) = 40.6 in.Jb. 
E/f, = 5.16 X 10°/24,000 = 215 
WL/t?® = 8 X 13.5/(0.051)2 = 41,500 
A, = 127 sq.in., I; = 0.0167 in.4 
S = 0.398 + (0.051/2) = 0.423 in. 
8; = 0.398 or 0.602 
Stress in leg attached to web: 
Ait, 2,100 Al 40.6 X 0.398 _ 2,100 X 0.423 X 0.398 
0.127 0.0167 0.0167 
= —38,710 lbs. per sq.in. (compression) 
Caps 


Compressive load due to transverse stress: 


Pr = ftL = 8,630 lbs. 
P7/cap = 8,630/2 = 4,315 lbs. 


Load due to design moment: 


JOURNAL OF THE AERONAUTICAL SCIENCE S24 PRAY 


1950 


Py = 13,500/14.351 = 940 lbs. (compression top cap) 


The upper cap is critical. 
Compressive stress: 


fe = (4.315 + 940)/0.281 = 18,700 Ibs. per sq.in. 


Bending stress at stiffener: 


to a 1a W2GAr 


F, = 24,000 X 0.214 X 0.051 = 262 Ibs. per in. 
262 (8)? 0.903 
to = a = 30,800 lbs. per sq.in. @D 
pression) 
fmax. = 18,700 + 30,800 = 49,500 Ibs. per sq.in. 
(compression) 


Web-Stiffener Attachment 
Wr = 27.6Et/(E/f,)?/4(WL/t?)3/,4 = 44.2 Ibs. per in. 
tension/rivet = 44.2 X 0.75 = 33.2 lbs. per rivet 


Web-Cap Attachment 


fo = 0.214 X 24,000 = 5,140 lbs. per sq.in. 
fer = Vfe+ fr? = 24,600 Ibs. per sq.in. 
Frr = 24,600 X 0.051 = 1,252 Ibs. per in. 


rivet load = (1,252/2) 0.75 = 470 Ibs. per rivet 


Stiffener-Cap Attachment 
Pr = 2,100 1bs: 


If the load P; is assumed to be transmitted entirely 
through the two bolts, then the load per bolt is 1,050 
Ibs. However, it appears to be good practice to con- 
sider that one of the stiffener rivets just below the cap 
helps to transmit the load, on the assumption that a 
small piece of web in the corner of the panel acts as a 
gusset. 

Note in the above example that the depth of panel, 
L, was taken as the distance between the centroids of 
the upper and lower riveted attachments, assuming 
that these marked the limits of web buckling. In Table 
1 the correction factor for Wz is given by Ky, = 


Kyw1Kwiy- Ge 


A graphical method of applying the previously de- 
veloped shear panel equations has been presented, and a 
comparison has been made between experimentally de- 
termined stiffener stresses and chart values. Reason- 
able agreement was found, and, where discrepancies 
appeared, it was possible that extraneous influences 
may have affected the test data. Since all of the aspe 
of panel behavior treated by the present method é 
part of a unified mathematical structure, it seems 
reasonable to suppose that verification of the predicted 
stiffener stress is at least a partial verification of the re- 
mainder of the analysis. 


CONCLUSION 
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There is need for additional experimental investiga- 
tion with regard to both the distribution of stress and 
the determination of allowable loads for the various 
panel components. In particular, the bending loads 
produced on the stiffener by the buckled sheet should be 
measured and compared with analysis values. In this 
connection, it should be mentioned that the charts for 
W, and My, give loads acting at the center of the 
stiffener, assuming conservatively that the crest of a web 
buckle intersects the stiffener at its midpoint. The 

me is true for the quantities W7 and M7. 

Besides the loads Wz; and W7, there are torsional 
stresses in the web itself, and these may have some 
effect on the stiffener. No explicit expression was given 
in reference 1 for web torsion, although one could be 
derived, and the energy of warping was accounted for 
in the analysis. 

Although the loads Wy; and M;, were small in the ex- 
ample analysis, their importance should not be dis- 
counted, because they increase rapidly with sheet thick- 
ness, for constant panel dimensions and shear stress. 

It is concluded that a practical method of shear panel 
analysis has been developed. This method has a 
rational mathematical basis, is readily and easily 
applicable to engineering problems, and is capable of 
giving satisfactorily accurate results through the plastic 
range to failure of the panel. Although only the stress 
analysis of panels has actually been demonstrated, it is 
anticipated that additional investigation and refine- 
ment will establish the validity of the method as a 
means of predicting ultimate loads. It is further ex- 


pected that the method will prove to be applicable not 
only to thin web beams but also to curved wing and 
fuselage panels. Some degree of success has, in fact, al- 
ready been achieved in predicting ultimate loads for 
curved fuselage panels, although the results were not 
in a form suitable for publication at the time of prepara- 
tion of the paper. 
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7 _. From the vis ompoint of circuit analysis, a neenetic amplifier 
consists of a combination of ene or more a-c generators, load 
_ impedances, nonlinear reactors (transductors ), and nonlinear ree 
Ssistances (rectifiers), The operation, physical features, and 
applications of magnetic anpiificers have been discussed considerably 
in the literature. Jt will suffice herein to point out that the 
magnetic amplifier relies upon the aap are of some of its 

hale Sildeaad s “or its mode of operation. The difficulties which 

nenli poseieas y produces in circuit analysis are well knowl, Stendard 
methods for treoting these nonlinearities consist of (a) assuming 

~ peau or (b>) anproximeting to the nonlinearity by means of 
curve fitting polynemials or other anelytical SAEEPCRLON The 
first. preeedure is fr jaaperd Justils x my wien one cempares the small 
error introiuced with the large reduction in damien of the 4 
problem, The #econd paccadie provides a less spectacular simpli- 
fication of the preblem but produces a closer approximation to the 
device under analysis, . 
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‘a The magnetic amplifier is a particularly difficult type of 
—s nonlinear problem in that for some common ranges of operation, its 
_—s«shehavier is guite sensitive to the nonlinear cheracteristics. Hence 

al the discrep ancies introduced by the approximating precedures (a) 

. and (b) may’ be sac yebpei iy large (See Figure 1). Accordingly an 

i investigation of certain methods for analyzing typicel marnetic 

aiplifier cquivalent soirouits hes been conducted and is described as 
ij follows. : 


ess in equivatent circuit of a half-wave, single phase, magnetic 
. amplifier with fscedbaek was selected for study. This particular 
te amplifier was chosen because it contains components which preduce ; vi 
ail the mathemstical difficulties encountered in more complicated 
mapnetic amplifiers. Further, eens this circuit is relatively 
i simple in form, it constitutes the "basic unit” of many more complex 
magnetic amplifiers. , 


Whe actual magnetic amplifier (Figure 2) consists of a series 
i‘ combination of an asc source, a load, a selenium rectifier (to 
_  —s—s provide feedback as well. as rectification) and a hypersil-cors * 
-—stransductor (satursble reastor), The control, or saturating winding, ye 
: “cad ms with @ constant direct current Seay ef adjustable 
- output. 


ss ss in equivalent circuit of this ps peeyen (nie 3) ts a series 
_ combination of an a-¢ generator, a nonlinear resistance, me a 
tA. 
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raoriavicar: indue tance, The differential equations fer this cis Peni ae i, 
can be written: | > 


ot 
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b. dt + i? t o E Loui wet fh) 
at ; 
where Ris the sum of all resistance components contained in the 
load, generator, rectifier and ci ioe tela Tt assumes two possible 
values depending on the direction of current * flows 
L is the sum of the instantansous values of inductance ep~< 
pearing in the load, generator, and reactor, It is dependent on 
saturation, hysteresis, instantaneous current, as well as the 
composition, heat treatment, and recent magnetic history of the 
, Gore. } 
Solution of this equation is attempted by three distinct 
approaches described as follows, . 
I, Analytic Solution 
< y 
4 Since R is a plece-wise soustant EECA 4a fairly obvious 
approach to the problem saga ts of replacing the norilinear L by 
a piecewise constant L after which equation "(1) becomes a lincar 
equation containing plece-wise constant coefficie ents and can be 
solved analytically in the conventional step-wise manmer. 
II. Graphical Solution 
a ARETE INANE LEONE PEROT ERTL AE ICS 
A graphical solubion is easi y developed by replacing equation (1) 
bys ‘ 
eM PG ec E sin wel , 
N te Ae Reet 4 (2) 
For sufficiently mall 40, dg can be replaced’ oy %& and equation 
(2) becomes: at at 
1s BN (rat )i = (E at) sin wt 
(3) 
_ ' & = 
ss Tf At is held constant throughout the sc lution, thie | equation can be 
solved grap‘ically with accuracy limited only by the pi. ribins + geoloe 
and the 4t value selectec (See Figure kh), 
Iti... bafrsre tial An er Solution 
{i Siena hdehieeteieteiemaiaiateniend 
“Equation (2) when integrated end written es Eg j 
(4) | 
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flux is supplied the machine by means of an input table directly from 


haa 


experimentally cbtained magnetization curves, These curves may be 
oe Siar and miltiple valued without affecting the 
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(See Figure 5 and Figure 6). 
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As a continuation of this study, the frequensy response of a 
series connected, single phase magnetic amplifier was examined by 
means of the differential analyner (Figure 7}. For the assuned 
magnetization curve soluticns were obtained for various ac 
generator frequencies and transient starving times 


TV. Results anc Conclusions 


ER FTA AEN I ARIE AA VAT OY AT SST AS UF SLIT TE AE RN A 


In ery of the foregoi a methods of analysis it is evident that 
the securacy (and consequent value ef the results obtsined) is 
limited to the accuracy sk which magnetization curves are ootained 
ov assumed. Cver certain operating ranges Large discrepancies er 
encountered if the magnetization curves are assumed linear end/or 
single~valued (no hysteresis), Tris extrene sensitivity to the 
magnetization characteristics is particularly e rident where positive 
feedback and low impedance lozds occur. fecordingly, the graphical, 
and differential enalyzer solutions ars 1 most satisfactory since hese 
methods incorporate actual Bel charecteriatics. 

A single grachical solution is more rapid md less exvensive then 
@ single differential analyser solution Enis magnetic amplifier. 
On the other hand, if a nuwbar of solutions are to be obtained for 
different circuit values or initial conditions, or if the magnetic 
amplifier circuit inereases in complexity, the pec) is true. That 
ig, the grachical solution becomes 1 aborion s and time censuming, while 
the 


the dii rrerenti al. analyzer method is not seriously eek ae by 
‘rereased circuit or mathematical comple: exi ty, The analytical solution 
is the Least cesirabl e method from the ster aes of solution time and 
accurecy of results. 

thile the foreroing methods describe mathematical studies of an 
equivalent edreuwlt of a ma gnethe smplifier, it showild be kept in mind 
that other distinct appreaches to this class of preblem exist i 3) 


not be overlooked. 
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Series connected, single phase, magnetic amplifier and 
predicted current vs. time waveforms as obtained on the 
differential analyzer, 


tte ‘eitifam otto ,omsin elgnte 


hes 
AE 
a oe ante tide De eariohovent out cBv 


| 
{ 
. 
4 


a eer. 


4 a — a 


wa 


Ae 


s 


a 


ee 
at 


ee: 


UNIVERSITY OF CALIFORNIA 
DEPARTMENT OF ENGINEERING 
LOS ANGELES 


ANALYTICAL STUDIES 
IN 


THE SUPPRESSION OF WOOD FIRES 


by 


George J. Tauxe 


Ray L. Stoker 


NOVEMBER, 1950 


Wh i sions 
fae 


fiais: ne 


UNIVERSITY OF CALIFORNIA 
DEPARTMENT OF ENGINEERING 
LOS ANGELES 


ANALYTICAL STUDIES IN THE SUPPRESSION OF WOOD FIRES 


BY 


GEORGE J. TAUXE 


RAY L. STOKER 


NOVEMBER, 1950 


CONTENTS 
Page 
Abstract ii 
Nomenclature iii 
Introduction iF 
Instantaneous Interfacial Temperature on Water Impingement 7 
Analogous Studies in the Suppression of Wood Fires 11 
Conclusions 44 
Acknowledgment 45 
Bibliography 45 


\ nm samersqae! letoeiresnd x 


t” 


y 


8 


——. 


il 


ANALYTICAL STUDIES IN THE SUPPRESSION OF WOOD FIRES 
By George J. Tauxe? and Ray L. Stoker? 


ABSTRACT 


This paper presents the results of two analytical studies associated with fire suppression of 
an idealized forest type fuel; certain aspects of the studies, however, are applicable to wood fires 
in general. A qualitative discussion of the buming and the suppression of wood fires is presented 
in the introduction. The first study concems the instantaneous interfacial temperatures that occur 
when a drop of water impinges upon the hot surface ae a burning piece of wood and shows for typical 
cases that the drop will not instantaneously vaporize or bounce off and that initially the relative 
wetting abilities of the suppressing agents may be of importance. The second study utilizes an elec- 
trical analogue computer to investigate the simulated thermal behavior of wood as it bums and is 
extinguished by surface cooling, by penetration cooling,and by oxygen dilution. One important result 
indicates that the minimum theoretical ratio of the quantity of water for suppressing a typical fire 
to the volume of the burning wood is in the order of 1/150. Laboratory and field test fires have 


given ratios in the order of 1/7, showing the large room for improvement in suppression techniques. 


1 Tecturer in Engineering, University of California, Los Angeles 24, California. 


2 Pormerly Research Engineer, University of California, Los Angeles 24, California (now 
Research Specialist, North American Aviation Inc., Downey, California). Member ASME. 


Paper for presentation at Annual Meeting of the American Society of Mechanical Engineers, 
Wood Industries Division, New York, ¥.¥., You, 27-Dec. 1, 1950. 
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NOMENCLATURE 


The following nomenclature is used in the paper: 


nm es 3s. 


yy 2 © 


@ Dr ~ @ 


"" 


cross sectional area, ft? 


a subscript to 7 to indicate ambient temperature or to EF to indicate a voltage 
corresponding to 7, 


a subscript to T to indicate buming temperature or to £ to indicate a voltage 
corresponding to T,. 


electrical or thermal capacitance, farads or Btu/ °F 


a subscript to 7 to indicate cooling temperature or to E# to indicate a voltage 
corresponding to 2, 


specific heat, Btu/ 1b °F 

electrical potential, volts 

a subscript to indicate that a particular term is an electrical’ quantity 

latent heat of vaporization, Btu / lb 

combined unit thermal conductance for convection and radiation, Btu / ft” °F hr 
electrical current, amperes 

thermal conductivity, Btu/hr fr? (ene / fe) 

length, ft 

conversion constant, ratio of thermal to electrical capacitance, Btu / °F farads 
the number of meshes or elements in a system 


conversion constant, ratio of electrical to thermal time; also a subscript to indicate 
a varying number 


penetration distance, ft 

quantity of electricity or heat flux, coulombs or Btu 
heat flow rate, Btu/hr 

electrical or thermal resistance, ohms or °F / (Btu /hr) 


radial distance, ft; also a subscript to T to indicate maximum reheating temperature 
or to E to indicate a voltage corresponding to 7, 


a subscript to time, 9, to indicate water spreading time between sectors for the 
cylinder with two dimensional heat flow 


temperature, °F 

a subscript to indicate that a particular term is a thermal quantity 
a lineal distance, ft 

thermal diffusivity, ft? /hr 

equivalent thickness of water layer, in. 

weight density, lb/ £t° 

time, sec or hr 


‘ ¢ . ie) 
conversion constant, ratio of electrical potential to temperature, volts/ F 


¥ 


ar ov fs a7 eo rbat GF Boob te oui eases the tclme erie di bar ov Sod tqttaedue, 


ae 03 eri bangnercas 


sjluv & steothad of BD a9 26 shy2 aeoqmes Satoed etesibni 97°) oF rgirvedive 


~~ ec 


e os gribsaetaetrea | 


7" \arl ve ebeia , wore foedes tnerdals a0 (notte 


4 iY 4a 
2 i B S7HRO1Tu 1 OF 20. eau eisiped BaiPious os SL IL 45S 
% 

coy 5% 

a | 4 


wo Isifetieds mi-e4 mved Yaiincos ay e JM 


+ 


if . : * * 
di \ ut  .nelisesiiodas 15 


; 5 
: iy 5 fis cis : oD 4 SOLIS? SeToO i awrierie Eis sti fei 
weeds (faetiwe. Desegaeie 
mat 2 - r me 4 
ch 2°) "obi ad el eo ivevoebass 
qt 
x 
S. scemzsonqe lasivtosls of lemerla do oizer ,2nepehos Hole 
Mseve ow mt atoomats ro asrlesa 20) Sadmur selt- E 
cele jenut | aitrerid levittugle te O34 Sms Atte 0.125 9V OO) 
exes gaia * 
31. ,#onsseib nokta cd i 
i“ 46 ettwodues .xult seme de ve torvioels ai i reuiup: ‘ 
af \\ ug srw wold dead 
(is \ ust} \.T 20 ere Le2deteieet fewreds to Peozasvonlel 
YS) sea? Its aanes Soni we at rad Bure k er 4 oF aid vdeckus S pie bt en i 


~* oF geithvogestyos gaasiov « eysalba: ox A od ae 


oe reowIal aeis githeetas sepee arevibat oy 3 /sinht og 3gsidedia oe 


wok? geod Lenorecemeh wea ope tabi les: 


tT \eglow -etustexsqnss oF laiznes0q foabtigele, Yo aig 


INTRODUCTION 


a The spreading of fires in wood type fuels and their suppression involves many factors which 
enter in complicated and interrelated ways. A general analytical treatment of the entire problem is 
impossible, but insight in the phenomena involved is possible by separate considerations given to 
certain of the important phases. The results of two such analytical studies are presented herein, 
following a qualitative discussion of the burning and suppression of wood fires. The main emphasis 


®e in this work is toward typical forest type fuels and situations: certain aspects, however, are ap- 


plicable to wood fires in general. 


Qualitatively, the combustion of wood may be divided into two categories, which are (a) the 
burning of combustible gases and (b) the buming of carbon in the form of charcoal (1)7. The two 
combustion processes probably occur simultaneously during most of the combustion history of any 
given piece of wood, and it is probably only near the end of buring that charcoal burning alone 


exists. 


If attention is given to a particular specimen of wood in a burning system of similar specimens, 
one may deduce its subsequent history to be somewhat as follows. Prior to the actual arrival of the 
active flame, the specimen’s surface will be heated, usually first by radiation from the approaching 
flame, and later by convection while its interior becomes heated by conduction. Under certain circum: 
stances the fuel system and its ambient conditions may be such that the temperature of the specimen 
under consideration reaches its kindling or ignition point as a result of radiation alone. Under 
other circumstances, however. the specimen may not ignite and possess its own flame until after being 
“licked” by the oncoming flame. The relative importance of radiation, convection, and conduction in 
burning as well as in suppression depends on many factors which in turn may vary among different 


fires. 


Before the above mentioned specimen becomes ignited, several changes in it may have occurred 
t 
9 because of heat absorption from its surroundings. Undoubtedly the first change is its reduction in 
moisture content, beginning at the surface and then gradually drying toward the interior. The com- 
pleteness of and the rapidity of the drying operation depends largely upon the specimen’s size, 
structure, and initial moisture content. Conceivably occurring simultaneously with the latter part 
of this drying phase, there begins the destructive distillation of the numerous hydrocarbons, alco~ 


. ® hols, acetic acid, etc., present in wood. These substances which are normally liquids are ultimately 


+ yumbers in parentheses refer to Bibliography at the end of the paper. 
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volatilized — even cracked in some cases — and are driven out through the pores of the wood along 
with the secondary thermal reaction products such as carbon monoxide, carbon dioxide, and hydrogen 
Upon passing through the surface of the specimen into the immediate surrounding atmosphere, these 
gases may form a combustible mixture with the air, and their combustion will proceed directly if 
the surface temperature is high enough to ignite the mixture. Even if the surface temperature is 
below the ignition point of the combustible gases, they may be fired, nevertheless, by sparks or 
flames passing in the proximity of the specimen. In either case the specimen could be considered to 
be burning although it might temporarily be playing the role of a gas burner with its own contained 


pas generator. 


From observations of laboratory and field test fires (2 ¢ 3) it was not possible to detect a 
distinct transition from gaseous to charcoal burning. However, from the flames’ motion and the lack 
of ash on observed specimens during the early stages of their combustion it was concluded that gas- 
eous burning dominated. On the other hand near the completion of combustion, after the specimens 
had seen reduced to glowing embers with little or no apparent flame, it seemed reasonable that this 
phase was largely one of charcoal burning. During the intermediate phases of combustion, it was ob- 
served that occasional flaming gas jets issued from the burning specimens while the amount of ash 
accumulated. This indicated the presence of both types of buming. The presence of gaseous combus 
tion can assist the charcoal’s burming by providing it with a hot ambient surrounding. Conversely, 
the burning charcoal! provides a pilot light for the gases that issue out through the hot charcoal 


surface. Thus, the two ccmbustions are not only compatible but may actually assist each other. 


The foregoing qualitative description of the elements of wood combustion provides a basis on 
which to analyze the mechanisms of suppression. The most direct means of suppressing a fire involve 
(a) cooling the fuel to a point below its kindling or ignition temperature and (b) changing or 
modifying the atmosphere surrounding the fuel, or altering the fuel itself, in such a manner that 
a combustible mixture no longer exists. There are, of course, such indirect methods as isolating 
the burning fuel so that it will burn itself out. Also as each portion of a fire is extinguished. 
that portion wil] then no longer assist other regions to burn by aid of its transmitted heat, and 


this indirectly will have a beneficial effect in facilitating the suppression of the remainder 


The first two means of direct suppression mentioned above are of principal interest here, and 
although they will be discussed individually, it is difficult to separate the two effects in any 
actual experiment. For example, cooling is undoubtedly an important factor in the blowing out of a 
match, but at the same time there is a good possibility that the fast moving stream of breath also 


dilutes the combustible mixture of air and the gases emitted from the match to such an extent that 
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combustion is no longer possible. Hence, it is not obvious whether the match flame is extinguished 
because the fuel is cooled below its ignition point or if the gas mixture is made too lean by an 


excess of air. Both effects are undoubtedly responsible. 


Extinguishment might conceivably be made with a very small amount of cooling provided the 
cooling could all be applied suddenly to a very thin layer on the surface of the buming wood. 
Assisting the extinguishment, there is the possibility that the cooled surface charcoal may act 
as an absorbing medium for the gases generated in the interior, thus momentarily reducing or even 
stopping the flow of gases which would otherwise diffuse out to support gaseous combustion. The 
surface could then presumably be below the ignition temperature of either the charcoal or the gen- 
erated gases. Consequently, the temperature would be redistributed throughout the wood and a short 
time later the surface temperature might then again be well above ignition temperatures of either 
the charcoal or the gases. However, if only the surface were cooled, there is no reason to expect 
that the generation of gases within the hot interior would cease. Thus, consequently, one can 
readily imagine the resumption of conditions that existed before the extinguishment. With suf fi- 
cient heat removal in the last instance, the new distribution of temperature following the extin- 
guishment would have been below the ignition point of the fuels. Hence, if enough heat to make up this 
defecit is not provided by the surroundings, the fire would remain extinguished unless appreciable 


gas generation continued and sparks or other external ignitors were present. 


Aside from immediate extinguishment, another desirable effect that can result from cooling is a 
reduction of the destructive distillation process. To accomplish this second benefit effectively, 
the cooling should be such that the temperature of the wood itself, and not merely that of the flame, 
is reduced. Thus, it appears that the optimum cooling would require sufficient heat removal on the 
surface of the wood at least momentarily to stop the flame and enough interior cooling to suppress 


the destructive distillation and prevent rekindling after temperature readjustment. 


It is practically impossible to apply an extinguishing agent on buming wood without in some 
way affecting the combustion mixture in the case of combustible gases or simply the oxygen availa- 
bility in the case of charcoal buming. A low velocity stream of air entering the combustion zone 
would undoubtedly enhance the burning since the fuel to oxygen ratio in wood fires is usually on 
the rich side. Only with a somewhat stronger blast would an overly lean mixture result. In the 
suppression of forest type fires where explosives are used this principle has questionable value 
because of the danger of spreading the fire by blasting buming materials into unburned areas. 


Rendering the fuel-air mixture too rich for combustion is much more feasible in fire suppression 


than making the mixture too lean. Typical tactics are smothering with dirt to keep out air or dis- 
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placing the air by a gas which contains no available oxygen, such as carbon dioxide. 


Undoubtedly the most effective agent for the suppression of wood fires is water. Owing to its 
high specific heat as a liquid and its very high latent heat of vaporization, it is potentially an 
excellent coolant. Upon evaporization its high specific volume also makes it capable of displacing 
a correspondingly large volume of air, hence giving it good smothering qualities. In fact, upon 
evaporation at 212° F at atmospheric pressure, one unit volume of water becomes approximately 1700 
volume units of steam. Furthermore, steam is a fairly good absorber of radiation and thus provides 


a shielding effect that might serve to reduce the radiant heat transmitted by the fire being sprayed. 


From our present knowledge it is difficult to evaluate the relative importance of each of the 
above mentioned functions of water in suppressing wood fires. All are useful and are present to some 
degree in water spray. In practice, however, not all of the spray will reach the burning specimens 
and contribute directly to their cooling. Some of the spray will be carried away by wind and convec- 
tion currents while some may be evaporated. Other drops may impinge on the hot surface but bounce 
or run off without providing any cooling. This latter loss of effectiveness may be remedied in part 


by increasing the affinity of water for wood as, for example, through the use of wetting agents. 


A porous solid such as wood can under certain conditions be made to contain both adsorbed and 
absorbed water. Adsorbed water implies that a thin film of water exists over the surfaces of the 
porous walls (internal as well as external) whereas the absorbed water fills the interstices of the 
porous solid. To facilitate wetting wood in either manner, the caret must have some affinity for 
the wood. This property can be enhanced by adding surface active agents such as wetting agents to 


the water. 


Some wetting agents may have strong “spread wetting” characteristics. These agents must possess 
low surface tension and consequently probably aid adsorption. To have strong absorption character- 
istics, it would seem that strong capillarity and thus high surface tension would be needed. If 
this reasoning is correct, it would appear impossible to have both the best absorption and the 
best adsorption qualities simultaneously. Of course, from a practical standpoint the important 
thing may be to get sufficient water to the wood quickly and let the distribution between adsorp- 


tion and absorption fall where it will. 


One obvious difficulty to attaining well distributed wetting in forest fire control is that 
of approaching any burning specimen from more than one side. Consequently, only a portion of the 
surface area of any given specimen can be directly subjected to spray impingement. Even should the 


entire frontal area of the burning material experience spray impingement and become successfully 
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wetted, there is no good reason to expect that this wetting alone would effect an extinguishment 
since roughly one-half the original surface area involved in burning would remain unwetted. However, 
if the water would spread from the frontal surface around to the opposite side of each specimen, 


the situation would be greatly improved. Wetting agents should help accomplish this end. 


The discussion to this point has centered around an individual specimen in a fire. It is felt 
that this approach should be the most logical one before attacking the overall complicated picture 
where for forest fires one would have to consider such effects as the fuel’s size, shape, compact- 
ness, density, moisture content, initial temperature, and emissivity or absorbtivity of its sur- 
face, the air temperature and relative humidity, the barometric pressure, the wind velocity, the 
ground slope, the flame’s emissive power, temperature,and shape, the physical and thermal proper- 
ties of the suppressing agent, its affinity for the fuel, and its technique of use. In spite of 
man’s long experience with wood fires, he has a very incomplete understanding of the real basic 
mechanisms of the burning and the suppression of these fires. Much basic analysis and investigation 
remains to be done in understanding and devising more effective ways of combating this drain on our 


natural resources. 


In analytical studies it is recognized that it is not feasible to make an exact mathematical 
analysis of the complete action of suppression agents as they impinge upon a burning piece of wood 
and affect the temperature distribution with time within the piece. Due to difficulties in account- 
ing for the changes in properties of the wood with temperature, the charring of wood at a varying 
depth so that its composition gradually approaches that of charcoal, and the flow of volatile gases 
through the wood pores toward the atmosphere, a complete mathematical description is practically 
unobtainable. However, by assuming that the material is either wood or charcoal depending upon the 
temperatures involved, it is possible by analyzing certain idealized systems to obtain results which 
are useful in indicating the order of magnitude of the desired quantities and their variations or 


in bracketing the results within certain Limits. 


The two analytical studies presented in this paper were conducted in order to gain an insight 
into the effect of the various heat transfer mechanisms as they influence temperature distributions 
with time on the surface and within a piece of wood as it burns and the fire is suppressed. The 
first study of the instantaneous interfacial temperature at the time of water impingement has been 
made in order to estimate how high the temperature of burning wood may be before the water which 
strikes it commences to boil upon contact. The second study has been made to investigate the ther- 
mal behavior in wood during buming and suppression by surface cooling, by penetration cooling, and 


by oxygen dilution. The first study was rather concise and was mathematical in nature. The second 


i) Ori 
ita 
t 
, 
t Ex 
‘ i 
ahi 
> "rn 
‘ 
Sng 
rage 


Batt yw cay Cha wien blue RATL CER eS a bary Laverk sane ey 


Septet > Dar whee oe Pa SPD ath ay bene va Ein DS he 
diz i begins { blucile atciege gn ito aW bpovoxgai ctor « <a 


oe aeht eieled: el) qe Beier wie 


ot) Oe 


ret ul 4use * “py bi FA “aro 


shidemes Liecgte ola pas deny ead ot RICH eaoer oct od Masa 
vile oe ie a isqd ony ae atnet ts ydous TRIABIOD OF) OVE of blucw sre oats wt 
; é . ¥ . : i i ¥ ery 

PI AVS IOTORAS. TO VIII RL De ) PTUs AYA LRA TL (RSI hOD Salsa ae 
LA Ont Sacks er ae rm Aaa Pomered ast et Lb Limsast avitelert bas vA RER Th. Goi 
iavrearet erie bg a hwwrle ary wee Drs oe be £5 EHS 2 P| awry vie ae fate 2 een: ‘ord aS 


oY eeu le suplodsey eo baw Loyd ede dot qaleite eak ponee ips 


ap ohted dou .wedd oredd fo nniasorqgie edt Brea mee oti 


aniaaimo: to a¢sw evidsetie enon saleered bas USL DeteFeIebay aud seiebs 


\ oy ‘ ' : 
Oyo am ; SLAtOl S067 Bf 24 JRA Pet imeoost sz 
i Pee : eet] t We Fey CE Ae Bee wt WO a % .. 
i Whals ‘a A Rae i cae | We, sd (OL: yi oP parses i 


i r sy jG Dey Bae. tO « omas dd iw SWORDS 257 BS +8 ssuyerocio + ad 


gritzed adi stowesantet ce iw hyew st to galsneqosg 
- * i a: : We 
st? brie 20. werkt as Riiawha‘e cd it cRogiiOg. ahs 
' f J 4 . ‘ e, Vat i we 
14 ye } j ] withip S&F i (pies B S35 an jefe ott Hey oe Oe BetOg tiee 


& 


nihmgeh leootedt 16 beow tad¢ie et laivaren sot vet grioueer yo ere 


tern becil esl ihe 2e gnisylan® vd gidiaeey aL 2 ‘ shav Lovet 


4 ; nee Bi ied a fe i ate i Maan 
hepa: hawt ee: ay ote Shout egy ete Lo tabio edd ynizeaibal 


edi l argsisa aictiw 4 3 Luget ody 


id ok be2 neRstg 


t 
7 
¥ 
3 
jon 
= 
ron 
Vv 
~~ 
er 
‘ 
r 
rom 
Cd 
7 
om 
z 
fe 
~ 
4 
_ 
oe | 
% 
hws 
a 


(Vint vods Be emabereriem tahaaess ae euobvev ald Ay 


pis , Surey 


aegis ax ana) als ee wereld D4 ee boow to 69% iq. R niki hae soatape aris ‘po 
nyt e. ice 


JioMagriiCs), tstew Le’ adkt sit 2s UTED n92qm99 Lei: edsesni ‘eusoneccagati ae 


Va 


; sugai tases oF abe feed war 


® 


study was quite comprehensive and was facilitated by the use of an electrical analogue computer, 


herein referred to as the thermal analyzer. 


Certain assumptions and properties of the involved materials were common to both studies and 


are described below. The following assumptions were used: 


1. Each material was taken to be homogeneous. 
2. The effect of diffusion of volatile gases or liquids in the material was neglected. 
3. It was assumed that there were no heat sources or sinks within the material. 


4. The properties of the materials were assumed to be constant and not vary with temperature. 


Properties to represent water, wood, and charcoal, the materials encountered in the analyses, 
were chosen by referring to several handbooks and by suggestions from W. L. Fons on the basis of 
his work in the measurement of ignition temperatures (4). The properties of water employed were 
those for standard conditions. To represent wood the average properties of ponderosa pine were 
used. Average values were likewise selected to represent charcoal. This information is presented 


in Table 1. 


TABLE 1. PROPERTIES OF MATERIALS USED IN ANALYTICAL STUDIES 


Quantity and Symbol Units Water Wood Charcoal 
Thermal conductivity, k Btu / (hr) (£t2) (°F / ft) 0.36 Ook 0.05 
Specific heat, Cp Btu / lb 1.00 0.45 0.2 
Weight density, y lb / £t3 62.4 31 15 
Thermal diffusivity, a ft? /hr 0.0058 0.0072 0.017 

(a= k/c, ¥y) 
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INSTANTANEOUS INTERFACIAL TEMPERATURE 
ON WATER IMPINGEMENT 


The point might be raised that when burning wood is first attacked with water spray, the ini- 
tial droplets impinging on the hot charred surface of the wood might immediately vaporize or bounce. 
This is because it seems impossible for a droplet to wet a surface that is well above the droplet’s 
boiling point. As an example of this phenomenon, one can envision the action of a drop of water 
placed on the hot surface of an iron skillet where the drop immediately starts to boil and skitters 
about rapidly. If this activity occurs when water first strikes buming wood, wetting agents would 
probably have little, if any, initial advantage as boiling action would overshadow wetting action, 


and the bulk of the cooling would necessarily have to occur without the assumed advantage of wetting. 


To investigate these phenomena use was made of a mathematical expression for the interfacial 


temperature of two semi-infinite solids following perfect contact with each other. This expression 


(derived in Ref. 5) is as follows: 


ki Tivo, tke T, | Va 


a Sper Sem Be ees RE wr ee so eee, 4 woes ss Sages FY e 
: ki /ya, + ky/Va, 


where T, is the interfacial temperature, [, and T, are the initial uniform temperatures of the two 
semi-infinite bodies indicated by the subscripts 1 and 2, and the remaining symbols are as defined 
in the nomenclature. This formula is valid at all times that these two semi-infinite solids of con- 
stant thermal properties are in perfect contact. Restricting attention to the instant of contact and 
and a limited time thereafter, considerable freedom of choice is permitted for the conditions of the 
two bodies. Since finite times are required for all finite thermal changes to occur in the interior 
of the bodies following the contact, only the properties and conditions existing on the two surfaces 
just prior to their contact are needed to substitute in Equation [1]: for computing the interfacial 
temperature at the instant of contact and a limited time thereafter. Thus, for the computation of 
q, the bodies may be finite and may even be liquid since a certain amount of time must elapse before 
convection within the liquid can affect the interfacial temperature. In particular, one of the 
bodies may be a piece of hot charcoal and the other a droplet of water providing the initial inter- 
facial temperature determined according to this equation does not exceed 212° F, the boiling point 


of water. 


Equation [1]:has been used to compute the family of straight lines shown in Fig. 1. Here the 


initial surface temperature of charcoal, wood, and iron have been plotted against the initial water 
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Initial Water Temperature (°F) 


FiG. |. TEMPERATURES OF WATER AND SOLIDS FOR AN INSTANTANEOUS 
INTERFACIAL TEMPERATURE OF 212°F. 
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temperature for the condition that the instantaneous interfacial temperature upon contact of the 
water on each of the solids would be 212° F. To make these computations it was necessary to deter- 
mine only one additional point on each plot since each relation is a straight line going through 
the 212° F point for both axes. Letting subscript 1 in Equation [1] apply to water and subscript 2 
apply to the solid materials, the solution was obtained by setting 7, = 0 and by solving for T, to 
give a value of i 212° F. On substitution of a = kl ey y the following equation was obtained for 


these computations: 
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Values of the properties of the materials as given in Table 1 were substituted in Equation [2], and 
temperatures of 2810° and 1060° F were calculated for charcoal and wood, respectively. By using 
handbook values for its properties, a temperature of 233° F was similarly calculated for iron. Plot- 


ting these points yield the straight lines of Figure l. 


In Fig. 1 the lines are dashed below an initial water temperature of 32° F to indicate that 
these values do not have any physical significance due to the change in phase of water to ice. Simi- 
larly, the line for wood is dashed above an initial temperature of 800° F since at temperatures 
above this wood would be converted to a material whose properties more nearly resemble those of 


charcoal. 


In analyzing the results shown in Fig. 1 it is interesting to note that for an initial water 
temperature of 75° F water would not commence to boil at the instant of impingement on hot charcoal 
unless the initial temperature of the charcoal were approximately 1900° F. Even for water at 100° F, 
the charcoal would have to be at approximately 1600° F for instantaneous boiling to occur. On lab- 
oratory scale fires (2) the highest temperatures measured on the surface of the buming wood were 
with one exception within one hundred degrees of 1570° F. If these results are representative (and 
they agree quite well with values reported by certain other investigators), it would indicate that 
the water drops will not instantaneously vaporize or bounce off upon impingement on burning wood and 


that initially the wetting ability of a suppressing agent may be of importance. 


In attempting to verify these calculations a thermocouple was embedded just below the surface 
of a stick of charcoal, and heat was applied. The highest temperature obtainable in this experiment 
was 1300° F, and at this temperature water drops (initially at room temperature) wetted the surface 


instead of boiling instantaneously. Similar experiments were made using iron as the second material. 
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For this the initial iron temperature which caused water drops to boil instantly was 225° F. This 
very closely checked the calculated temperature as may be seen by reference to Fig. 1 for an initial 


” water temperature of 70° F. 
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ANALOGOUS STUDIES IN THE SUPPRESSION OF WOOD FIRES 
. Some of the complex phenomena involved in the burming and suppression of wood fires has been 
discussed qualitatively in the Introduction. It has also been mentioned that in order to make a 
quantitative approach certain idealizations are necessary. Some of these idealizations were repre~ 


sented in the assumptions which were evolved in order that analytical solutions would be possible. 


Others entered in restricting the problem to typical cases representative of conditions actually 


8 encountered. 


For these studies attention was focused on a single piece of wood and the analytical represen- 
tation of the physical and thermal conditions encountered by it. The viewpoint was taken that this 
piece of wood was surrounded by like neighboring pieces, all of which were simultaneously undergoing 


the same sequence of treatment. 


Certain values of temperature occuring during the sequence of buming, suppression, and reheating 
experienced by a piece of wood were selected for these studies. It was the aim to select temperatures 
as representative as possible of those occurring in the buming and the extinguishment of actual wood 
fires. Some of these were fixed by nature; however, most were selected as a result of experimental 
measurements compared with values observed and reported by other investigators. The initial tempera~ 
ture of the material to be burned was taken to be 100° F. Similarly, the ambient air temperature was 


selected as 100° F for the instances when no flame was present. 


For the sequence of buming, the temperature at the surface of the piece of wood was taken to 
become 1500° F suddenly and to remain at that temperature until suppression started. The basis of 
this temperature selection is described briefly in the preceding section on interfacial temperatures. 
Assisted by radiation and convection from some source and by its own buming, the surface of the 


piece was assumed to be heated to this temperature while its interior was heated by conduction. 


During burning, the transition of the wood to a substance whose properties resemble those of 
charcoal is somewhat gradual and depends upon the interior temperatures. On the basis of experi- 
mental measurements (3), a temperature of 800° F was selected for this transition of wood to char-~ 
coal. Consequently, wherever the interior of the piece was heated by conduction to between 800° 
and 1500° F, it was represented by a material having properties of charcoal; likewise, if heated 


: % below 800° F, the properties represented were those of wood. 


Following the buming and attendant interior heating, suppression was represented by condit- 


ions made as typical as possible for surface cooling, penetration cooling, and oxygen dilution. 
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For the first two of these methods where water cooling was involved, the temperature of the wetted 
surface or interior was assumed to be at the boiling point of water, 212° F, as long as the water 

for suppression existed on or in the stick. This Peaesatiice ee Me wetted portion was maintained 
until the water was completely vaporized with the tamoure to? heat abet ered from the wooden piece 

by each pound of water vaporized being taken as equal to the latent heat of vaporization (970 Btu/ lb). 


That the temperature of the wetted portion woold be at or slightly less than 212° F was shown by the 
P tly y 


previously described studies of interfacial temperatures. 


In these analytical studies the suppression of wood fires was idealized as consisting of two 
parts: (a) the flame and its associated heat generation was instantaneously stopped and (b) the sur- 
face temperature of the fuel was lowered and retained below its kindling ccnpene tues The possibility 
of re-ignition due to combustible gases that Pa shu continue to be generated and be ignited by ad- 
jacent flame, sparks, etc., and produce a flash-back was not considered to exist in these analyses. 
Heat is necessarily removed from the fuel during part (b), but part (a) was assumed to be accomplished 


without the removal of heat. 


Following the cooling period after which the heat of vaporization of the applied water is utili- 
zed, the surface temperature of the piece of wood will begin to rise as heat is conducted toward the 
surface from the hot interior. Heat is also lost to the ambient by convection and by radiation at the 
surface, and this will ultimately cause the surface temperature to decrease. Thus, at the surface a 
maximum temperature would be obtained at some time after the cooling period. If this maximum reheating 
temperature equaled or exceeded the assumed. ignition temperature of the material, presumably re~ig- 
nition would occur with a resumption of burning about as it existed before the suppression. However, 
if the maximum reheating temperature were lower than the ignition temperature, presumably there would 
be complete extinguishment since conditions thereafter would improve with the surface temperature de- 
creasing as time increased. Thus, the definition of complete extinguishment as used in these studies 
involved the application of a suppressing agent to cool the wood at or close to its surface to 212° F 
for such a time that following this cooling period the surface temperature would not exceed the igni- 


tion temperature. : 


The ignition temperature for wood is not a fixed quantity and varies with many factors. For dry 
cellulose the ignition point may fall between 400° and 600° F and averages 540° F. The ignition points 
for typical combustible gases volatilized out of wood ranges from about 950° to 1400° F. Using oven 
temperatures of 1000° to 1200° F, W. L.. Fons (4) obtained an ignition temperature for ponderosa pine 
of 650° F. In later work using lower oven temperatures, Fons obtained values as high as 820° F. For 


these analytical studies a rekindling temperature of the wood was chosen to be 600° F. It might ap- 
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pear that this value is low in view of those reported above; however, the higher values were obtained 
for wood originally unburned and not for a wood material which had just been partially burned and sup- 
pressed. It seemed reasonable that re-ignition temperatures for this case would be lower than the ori- 


ginal ignition temperature, and therefore a more conservative value was chosen. 


For suppression by surface cooling, investigations were made which simulated the instantaneous 
application of water on the burning wood's surface for particular periods of time. Different runs 
Rereverds with different cooling times in order to obtain a rather complete range of the subsequent 
maximum reheating temperatures. During the cooling period, the simulated rate of heat removal was 
measured. By integrating this cooling rate over the cooling period, it was then possible to determine 
the total heat removal. From this and the latent heat of vaporization, the total amount of water and 


the thickness of the water layer applied to the surface could be calcwlated. 


The so called “penetration” type cooling was considered in an endeavor to evaluate the cooling 
effect that would result from the penetration of water into burning wood. Although the sort of cool- 
ing assumed involved a hypothetical penetration that would not occur in actual systems, it did lend 
itself readily to analysis and quite probably produced a comparable subsequent maximum reheating tem- 
perature to that which would result from more realistic penetration achieved with the same amount of 
cooling. Without attempting to elucidate the details of the mechanisms for accomplishing the end re- 
sult, it was assumed that the “penetration” cooling runs represented the case where, after the ini- 
tial burning, heat was removed suddenly so as to reduce the temperature to 212° F for a given depth 
into the material. The heat thus removed was taken to correspond to the latent heat of vaporization 
of a certain amount of water. This quantity of water might be assumed to be dispersed throughout the 
given depth instantaneously and to have no further effect beyond the cooling of the material to 


212° F by its complete vaporization, 


One aim of this investigation was to compare the effects of suppression by surface and by pene- 
tration cooling. To establish the equivalence of surface and “penetration” cooling, the various 
penetration distances, ~, were taken in such a way that the heat removed by the instantaneous “pene-~ 
tration” cooling corresponded to the heat removed in a given time of surface cooling. This is illus- 
trated in the sketch of Fig. 2 where temperatures are plotted as ordinates against the distance within 
the slab from the surface as abscissae. Curve 1 illustrates, at the start of cooling, the distribution 
of temperature within the slab due to its burning. Curve 2 illustrates the temperature distribution 
at the end of a given time of surface cooling. The- shaded area, A,, then represents the amount of heat 
that ‘is removed during this surface cooling period. For an equivalent “penetration” cooling run, the 


depth of “penetration”, ~, was taken in such a way that the temperature was assumed to drop instan~ 
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taneously to the cooling temperature, 7, = 212° F, for this depth, resulting in the removal of an 
equal amount of heat. The heat so removed by this “’penetration” cooling is represented in the sketch 
58 by the shaded area, Ay, and as described, Ay = Ay . After making surface and *’penetration” cooling 
runs with this same amount of cooling, their effectiveness was compared by comparing their subse~ 


quent maximum reheating temperatures. 


Temperature 


Distance from surface. x 


FIG. 2. TEMPERATURE DISTRIBUTIONS IN 
SURFACE AND “PENETRATION” COOLING. 


The oxygen dilution runs represented the case where, after the initial burning, the flame of 
the burning wood was suddenly snuffed out (aszthough the extinguishment were being achieved with CO 4) 
and where with no applied cooling the surface temperature dropped gradually due to radiation and. con- 
vection to the ambient. Complete extinguishment was represented for this method by finding the time 


Ss required for the surface temperature to drop to 600° F. 


Before going into details on the runs made on the various slabs or cylinders of wood with the 
three methods of suppression, information will be given on the general method of attack since that is 


believed to be of interest and as important as the immediate results. 


® Because of complications in the boundary conditions and in the involved phenomena, it would ob- 
viously be impractical, if not impossible, to solve these problems experimentally with the prototype 
of the thermal system or to make solutions mathematically even for the idealizations assumed. However, 


it is possible under certain circumstances to simulate systems involving heat conduction by means of 
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fairly simple electrical systems. The relative ease of measuring electrical quantities as compared to 
thermal quantities often makes an electrical analogy an attractive method for studying such problems 
in heat conduction. Because of these reasons, the suppression studies were attacked using an electri- 
cal analogue computer, called the thermal analyzer. The essential features of this analogy are devel- 
oped for a one dimensional heat flow case. The development of the method for two and even three di- 


mensional heat flow is in principle an extension of this one dimensional case and is not included. 


The analogy is established by developing separately and then comparing the equations for tem- 
perature and for voltage in the thermal system and its electrical analogue, respectively. Although 
the details establishing the thermal-electrical analogy are given in several articles and textbooks, 


they are offered here using a somewhat different approach from that usually presented. 


Considering the homogeneous rod or slab of uniform cross sectional area, A, with the constant 
thermal properties depicted in Fig. 3 (a), the transient conduction of heat is defined by the Fourier- 


Poisson partial differential equation, 


2 
or } fm y Ad Ie SY ERC Roe oes ROME Ee he er eer eee a BC} 


and by the boundary conditions at the two ends of the slab. Here the thermal diffusivity, 


1p SE ASANGIE VERSIE: ARAMA: GAs iad Sep aes ant A ON ; o. 0. 0 «- [A] 


In these expressions the units of quantities are so chosen that distance, x, is measured in feet and 


time, 9, is measured in hours. The subscript, ¢, is used to indicate quantities in the thermal system. 


Let the slab of Fig. 3 (a) be divided into N equal elements, each of length, Ax, as shown in 
Fig. 3 (b). The temperatures at the interfaces of each element will be designated as depicted in this 
figure. The subscript, n, is used to indicate the interface between the mth and the m-plus-first ele- 


ment and may be given the successive values: 
1.2, 3. =) — ny - == (Ff — 1), 
In applying Equation [3]: to Fig. 3 (b), at any instant of time the second derivative term on the 


right hand side of the equation can be approximated by an expression involving finite differences as 
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Perfect Insulator 


Heat Capacity = 0 
Thermal Conductivity = 0 


c Ys 
SIEM B ESO IEELDIOVIRISSS TEESE SEEI SEES LEETLLLS 
Boundary Condition Defined 


by Particular Problem 


(a) THERMAL PROTOTYPE FOR SLAB 


(b) DIVISION OF SLAB FOR APPLICATION OF DIFFERENCE EQUATIONS 


Ey Ey 


JPET trnice 


(c) ANALOGOUS ELECTRICAL NETWORK 


(d) SINGLE MESH FROM ELECTRICAL NETWORK 


ILLUSTRATION OF ANALOGOUS THERMAL AND ELECTRICAL CIRCUITS. 
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On substituting this in Equation [3]: and by having n vary from 1 to (W - 1), the temperature condi- 


tions in the slab may be represented by a system of (W —- 1) simultaneous approximate ordinary differ- 


»D ential equations of the form: 


wr Ty a See a ee yee erence areas ® Feri! 05) 


Expressions for the thermal resistance, Rk,, and the thermal capacitance, C,, of each element may 
BS be obtained by making use of the factor, a/ (Ax)?, in Equation [5]. By substituting values of a from 
Equation [4] and by introducing the cross sectional area of the slab, A, this factor may be written as: 


bd 


a. sara 1 ne Ae ee 
(Axc)2 ie cy YA Ax Ry C, 
Thus, for each element 
a hx 
= e . . . . * . ® ® . ° . ’ ° . . . ° ° . e * * . ° . . « ® * . Py 6 
Ry i [6] 
Cee C ae: Be Care ta Sas rate Sar ota Vets, Moca ahs Dw Marin ee wis, « Seu E TT]: 


On substituting these relationships in Equation [5] it becomes: 


gat ae 1 (7 0 AY ey Be | ee a ee Sioecgh sw, ae - + + [g] 
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To develop the analogy it will next be shown that the electrical network of Fig. 3 (c) satisfies 
a system of ordinary differential equations similar in form to those in Equation [3] 


The electrical system of Fig. 3 (c) consists of a series of N meshes, each of the type = 10wn in 
Fig. 3 (d). The total electrical resistance in each mesh, which is the same as the resistance between 

/ 

» condensers, is identical for each mesh and is equal to FR, ohms. (Quantities in the electrical system are 
distinguished by the use of the subscript e.) Likewise, all condensers are taken to have the same elec-~ 
trical capacitance, C,, in farads. The voltages existing at the mesh junctions, which are midway between 
the condensers, are designated by the symbol, #, with subscripts like those for the temperature, (RS) 
denote the various positions from points 0 to N. The electrical current flow in amperes in the corres- 

' d ponding resistors will be designated by the symbol, 1, with the corresponding subscript. Thus, 1, rep- 


resents the current flowing in the resistors joining at the point where £ is obtained 
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In order to indicate the voltage at the condenser halfway between the points where t and EE, , 


are obtained, the designation F& will be used. Similarly EF. 1 represents the voltage at the con- 
‘ gn n+ Mf n-% Pp s 
\ 


denser halfway between the points where &_, and # are obtained. 


The voltage, #,, at the mesh junction may be expressed as: 


5! TROUT re RE are hon 2 teen 4/6 eet he AR: x ys 
Es Bene +E i) [9] 


4 Taking the derivative of this expression with respect to time yields 


The general expression for the voltage developed across a condenser which is being charged with a 


current, 1, is: 


E = a Ji ae, 


é 


By applying this, 


Bide, thee Sis - i) dé, 
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Taking the time derivative gives: 
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By a similar process there can be obtained: 


Substituting Equations [11]: and [12]: into Equation [10] yields: 
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By applying Ohm's law to the resistances, Reeds between the midpoint and the edges of the mesh, 
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there can be obtained: 


Hong tets E 13% EL -¥ 
n 
R,/2 
i E. E+ s Eel 
ntl Ree 


. On substituting these two relations in the expression directly above, there results: 


dE : l 
dG. 7 R, Co E Tie Ey js Ea bs ng ot 


Here the sum of the middle two terms in the bracket is equal to ~ 2H (from Equation [9]); therefore, 


OB ed l 
a = =e (Ey co 2 E + E44) Sienna e-Oe TOC wr eter el wee e ess: ou vs [3] 
e 


ea 6 


HE IR ae Equation [13] n is given the successive values from 1 to (N ~ 1), there will be obtained a 
system of (WV - 1) ordinary differential equations which will represent the eae conditions in the 
electrical network. These equations will be identical in form to the system of equations from Equa- 
tion [8] except that these are exact equations whereas those for the thermal system are approximate 
equations. it should be noted that the degree of approximation depends upon the value of Ax; the 
smaller this is, the better the approximation becomes. Hence, except for this difference the voltage 
in the electrical network of Fig. 3 (c) can be made analogous to the temperature in the thermal system 


of Fig. 3 (a) if the corresponding boundary conditions are imposed. 


In Equation [13] standard electrical units are used for the electrical quantities. When this is 


done, time for the electrical system, my, is measured in units of seconds. 


In order to interpret the quantities from the thermal system in terms of the analogous quantities 
from the electrical system, it is necessary to use certain conversion factors. These factors, desig- 


nated as f, m, and n, are as defined below. 


pT = E EM eRe pe eh a) aha f ek UNL. 6A ee ed an @ 25h eyes se ese ate | LA]? 

mC = JC Seen eae seats irs ee vk alee ¥ibse, sR) (ares eh! 4 oye +. se ie [LS] 
e t 

n O > fa] ay5. Gel Bae -8, 2a EP ie Oe Rie Be ee A ar eee ee ee [16 } 


i} ui SS Pe D os Luise a taowia ah rg ae ae Lo) ikbin ody 


x 


> 


| 
& 
2 


‘ 


Pane VS a bi ; PC EM aD : ee | ae ae SULeyY av wes GOOLIS wrt iow Le oh We tse; 


| + 


a. ae Melee! “ig Oe is 
bose ‘Eellov att goosetqet | liw rosy empties Leo tet ste ah eee 


a itt COT Ree oe me 44 tiw atin Ce Sispa eee 


(eitiew. oy ted eno unsitara sao Bie | 2 Oa SS e veers ane 


‘ “ SUL G OO BOgM ah cares oe mean. ene. Dek) gia ie als ide 2 at) bed on ad) dol 


oh Ay stay ot ste g53 2G 2S an cer! . waved ‘noks DRAG 2 eRe te oc. RAs o0. arly, 


, “4 y Viegas att ot  aiveme byes shan acd aa £558 ride, ohtowjen 
A ¢ 4 
SOG 2: St 8 ONS ATE PHS (0 ebirnperd grisbaagees3 po ‘ont a 
F Leg ' F 
mee ke REED" AOA (aT RS att at he a Ook bebe are eed nd Leo pie isis ba kewse) f 
ehrtienws to ey rrmh rig XS Se Pe Et 42 eee cl nati vols ods 
LT RRS BiyCeTY ss yb ae | QwAa A BAe aee laurels aad torn h 9949 Re ere : 


Bina wiedoed goad Odo Rs pe hes net ety at a ae ree ‘Say dest iakeasen ry a 4) reg { 


ih mglad bsaitab oe aaa 


Oh 


y 
t 7 * 
eet 
| ' . 7 ‘ . 
= a 


20 


Here ¢ is a scale factor which may be arbitrarily selected in order to let a given number of volts 
potential difference represent a given value of temperature difference in degrees Fahrenheit. The 
»D factor, m, which converts thermal to electrical capacitance, may also be arbitrarily selected within 


the limits of availability of the condensers. Time for the two systems is related by the factor, n. 


As indicated previously, units for the two systems are so chosen that time is measured in hours 
for the thermal system and in seconds for the electrical system. Thus, if m were to equal unity in 
Equation [16]; one second of time on the thermal analyzer would represent the action during one hour 

. in the thermal prototype. This’ would obviously be impractical particularly since manual switching was 
employed on the thermal analyzer. Therefore, it was necessary that the factor, n, be sufficiently 
large so that the timing would be accurate and so that significant amounts of time would not be lost 
in switching operations. On the other hand if too much time were allowed for measurements, accuracy 
would be lost due to the action of the leakage resistance of the condensers in the thermal analyzer. 
It had been estimated that the time constant of this condenser leakage was in the order of 10* seconds. 
eeaieatly. this indicated that a time factor should be selected so that runs could be made in less 
than 100 or 200 seconds. As a compromise, it was decided that a factor of n= 3600 would be used for 
the tests. A further advantage of this factor was that one second on the thermal analyzer runs would 


5 correspond to one second in the thermal system. 


From a dimensional analysis of Equations [8] and [13], it can be seen that the R C product terms 
in these equations must be of the dimensions of time — actually the so called “time constant” for 


the respective parts. Therefore, it follows that 


By solving this expression for R, and by substituting the capacitance ratio from Equation [15], 


the equation relating resistances in the two systems is obtained as 
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» R, mn R, [17] 


Another pair of analogous quantities is of interest. For the electrical system the quantity of 


electricity, Q,, in coulombs is given by: 
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with the equality being extended by using previously developed factors, By comparison of analogous 


quantities, it follows that the total heat flow, or in Btu is: 
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m 
For a slab the necessary expression in order to solve for the circuit parameters of an electrical 
»d network which is to represent one dimensional heat flow have now been indicated. First a cross sec- 
tional area, A, is selected; this is usually either the area of the slab or a wit area in the slab. 
Next the slab is divided along its length into a convenient number of elements of length, Ax. Better 
results follow if the Ax distances are made smaller in the regions where the greatest temperature 
changes are expected to occur; this is usually near the surface. From the values of A and Ax and the 
known thermal properties, k, Cp: and Y, values of R, and one the thermal resistance and the thermal 
Capacitance, are computed from Equations [6] and [7] for each element. For this purpose each element 
with its area, A, and its corresponding Ax may be considered to define its elementary volume. In 
this volume the resistance is directly proportional to the length of path of the heat flow and inver- 
sely proportional to the cross sectional area through which the heat flows. The capacitance is direc~- 
tly proportional to the volume and may be considered to be placed at the mean position of the mass 
represented in the element. These concepts are useful since they may also be employed for other con- 


figurations than those found in slabs. 


From the values of R, and C, for each elementary volume, values of R, and C, may be computed using 
Equations [17]: and [15]. First the conversion factor, m, must be chosen so that the electrical capac- 
ities will fall within the range available as indicated. The foregoing procedure then yields a fixed 
value for R,. If this value is not within a practical range, the quantities may be recomputed by 


selecting different values for m, A, or Ax. 


Ss Once computed, the electrical resistors and condensers may be arranged in the network as shown in 
Fig. 3 (c). However, it is usually more convenient to combine the adjacent pairs of resistors of 


value R, / 2 between condensers and to replace them by a single resistance. 


; The formulas used in making calculations for an electrical network to represent the one dimensional 
heat flow in a cylinder (radial symmetry) are the same as for a slab except for the formulas for the 

s thermal resistance and the thermal capacitance. These new formulas may be derived from the considera 
tions of heat flow in a cylinder where it varies as the logarithm of the radius or from the represen- 


tations of quantities for elementary volumes selected for various radial increments and treated as 
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described immediately above for a slab. In either case the following expressions would be obtained: 


s 1 BUI pe branes ees dharma yeh i ea: aden cane eee 
Re oe Fee Mel 
n 
Cy = ogy iw trey - 7?) eet es 0x cen iwid iellrehime (a) so oa lemons chess es 54 190] 


Here L represents a length parallel to the axis of the cylinder, ln indicates the natural logarithm, 


andr, , andr, are successive radial boundaries of the annular shaped elementary volume. 


Calculating procedures for a cylinder are similar to those for a slab except that an axial 
length, Z, is selected instead of the area, A, and that Equations [19]: and [20] are used instead of 
Equations [6]: and [7]. For the cylinder a certain amount of cut-and-try operation is frequently 
required in order to get the desired balance of values for Ar, R,, and C,. The arrangement of the 
resistors and the condensers in the electrical network is also similar to that for Fig. 3 (c) with 
the position of each condenser representing the mean radial position of the mass for each elementary 


volume. 


For two dimensional heat flow in a cylinder the elementary volume is obtained by dividing the 
annulus shaped elements into equal sectors. Thus, the thermal capacitance representing the heat 
storage in the elementary volume is the same as that computed from Equation [20]- divided by the num- 
ber of radial sectors. The thermal resistance to heat flow in the radial direction is the same as 
that computed from Equation [19] multiplied by the number of radial sectors. By making use of Equa- 


tion [6] the thermal resistance to heat flow in the tangential direction becomes. 


Zant 
Rid 0 aie ee ate fer Nts) a eke Be eee ee re ee Be ea [21] 


where 7, is the mean radial position of the mass for the elementary volume. By using the previously 
defined conversion factors, values of electrical resistance and capacity may be computed for the 
thermal quantities. The arrangement of these circuit elements in the network is as depicted in the 


sketches of Fig. 9 and in the circuit diagram of Figure 10. 


‘ A necessary part of the analytical studies was to represent the heat lost by a bumed piece of 
wood through convection and radiation to ambient temperatures. Evaluations for this may be made 
using Newton's law of cooling, recast as indicated: 
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where g = the heat flow rate, Btu/hr 


o h = the combined unit thermal conductance for convection and radiation, 


Btu / €e* °Fhr 


A = the surface area, fr2 
T) = the surface temperature of the wood, °F 
T, = T, = the ambient air temperature, °F 


Since temperature difference has been shown to be analogous to voltage difference, it will be seen 
upon comparison with Ohm's law, 7 = E/R,, that the quantity, g, is analogous to the electrical cur- 
rent, 1, and that the term, 1/h A, is analogous to the electrical resistance. The latter term must, 
therefore, be the thermal resistance due to the unit thermal conductance, h, and it may be written as 
ae. 
: hA 
Using Equation [17]: to convert from thermal to electrical resistance and calling this electrical 


resistance R,» tere is obtained the expression, 


Numerical values were assigned to the unit thermal conductance, h, by a consideration of the heat 
lost by convection and radiation to the surrounding air. The unit thermal convective conductance, /,, 
was evaluated for free convection around a cylinder by using information in Reference 6. This was 
found to equal 2.5 Btu/ ft? °F hr for T, = 100° F, T, = 600° F (taken as the average surface tem- 
perature of the wood during its reheating), and Goes 0.025 ft (the outside radius used for cases 
representing cylinders). The unit thermal radiative conductance, h,, was evaluated from plots in 
Reference 7, giving values of h, for a Planckian (black body) radiator for various values of tempera~- 

») tures. For ambient and surface temperatures of 100° and 600° F, respectively, h, is given as 4.0 
Btu / ft? °F hr. The total or combined unit thermal conductance, h, is the sum of h. and h, or (6.5 
for the indicated temperatures. Actually, the average surface temperature following suppression is 
probably less than 600° F since it varies between 212° F and the maximum reheating temperature, T,. 
7, might be anywhere between 212° F and 1000° F but was in the neighborhood of 600° F for the runs 

, 9) of greatest interest. Since the time-average would probably be less than 600° F, the value, h = 6.5, 


may be high for most runs. On the other hand, h, is computed for free convection; actually the com- 
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posite effect of burning many sticks together would be to set up convection currents which would be 
greater than those that one stick alone could produce. The increased air velocity would cause a 
greater heat transfer, and h, would be increased. After considering these effects, it was thought 
that a value of h = 6 would probably be most representative of actual conditions. However, to 


cover the possible deviations, various electrical resistors, R,, were calculated and used in certain 


runs in the thermal analyzer to represent values of h = 3.0, 6.0, and 9.0 Btu / ft2 °F hr. Physically, 


the resistor, Rk. is connected across the input terminals to the network as shown in Figures 4 and 10. 


Investigations were conducted on different networks representing slabs or cylinders with tem- 
perature variations in one or two dimensions. In each network electrical capacitors and resistors 
were chosen to represent the thermal capacity and resistance of the prototype material, which was 
either wood or charcoal depending upon the initial heating. For the one dimensional case, the proper- 
ties of the material in the slab or cylinder are represented, by the resistors, R, to R,, and the 
capacitors, C, to Cy, as shown in the schematic diagram of Fig. 4. To the left of the network is 
shown a D.C. power supply with a voltmeter, 7,, to measure the voltage, H,, which was set at 200 
volts to represent the burning temperature, 1500° F. The ground or zero voltage point, fe OF was 
used to represent the initial and the ambient temperatures of 100° F. A small portion of the voltage 
appearing across the resistor, R,, was amplified by a D.C. amplifier and applied to one channel of 
a. two channel! Brush recorder, where it was continuously recorded against time. This voltage repre- 
sented the temperature of the surface of the slab or cylinder. By a similar arrangement the voltage 
drop across the first half of “, was simultaneously recorded on the second channel: from this vol- 
tage the current and then the heat flow rate could be determined. The voltmeter, Vy, was used to 
measure the voltage at the interface between the charcoal and the wood elements; here 100 voits was 


used to represent the demarcation temperature of 800° F. The timer and the switching and rela: 


rangement were used as part of the suppression sequence and will be described later. 


Fig. 5 is a view of the thermal analyzer and its associated equipment. Aside from the switching 
panel in the top portion, the thermal analyzer is composed essentially of a series of electrical 
resistors and capacitances arranged with convenient receptacles in 45 units. Fach unit consists of 
six fixed condensers and two variable resistors and may be used to form one mesh representing an 
elementary volume of a slab or a cylinder. The fixed condensers may be connected to have any nominal 
values in steps of 0.25 microfarads up to a maximum of 15.75 microfarads. Actual values as used were 
measured with a capacity bridge. The resistances could be varied up to 5.0 megohms. Connected exter- 
nally to the thermal analyzer »re the various meters, amplifiers, power supplies, timer, and two~ 


channel automatic recorder. 
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FIGURE 5. THERMAL ANALYZER AND ASSOCIATED EQUIPMENT. 
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FIGURE 6. TAPE RECORD OF TYPICAL THERMAL ANALYZER 
SURFACE COOLING RUN. 
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The surface cooling runs were simulated on the thermal analyzer by the use of an arrangement 
whereby the network input terminals could be switched at certain times to voltages representing the 
prescribed temperatures. With the network initially uncharged and with all switches in their normally 
“off position, the ganged S) —-Sy control switch shown in Fig. 4 would be set in position 1. Then 
when the power supply switch would be tured on, 200 volts, simulating the burning temperature would 
be applied to the input terminals of the network until Vy indicated 100 volts at the charcoal-wood 
interface position. At this time the control switch would be placed in position 2 to simulate the 
start of surface cooling. Section Sg would start the timer; section S; would switch the network input 
terminals to #, = 16 volts, obtained by a voltage dividing arrangement from the 200 volt supply, to 
simulate the surface cooling temperature of 212° F. This would be applied for times ranging usually 
from 0.10 to 16 00 seconds. At the end of the surface cooling period as indicated by the timer, the 
fonttol switch would be turned to position 3 where section 2 would stop the timer and where section l 
would cause the resistance, Ry. representing ambient, to be the only element connected accross the 
input terminals to the network. Thus, the voltage at the input terminals would rise and then fall, 
enabling the voltage representing the maximum reheating temperature, [’., to be obtained from the re- 


cording tape. A typical tape record of a surface cooling run is shown in Fig. 6 


The procedure used for the “penetration” cooling runs was similar to that for the surface cooling 
runs but with the following departures during the cooling period. It was necessary to short the con- 
densers of the first few meshes to #, = 16 volts in order to simulate the penetrating cooling which 
lowered the temperature to 212° F for the corresponding depths. The penetrating switch, S3 of Fig. 4, 
would be turned to the “on” position for these runs causing the relay R,. to be actuated during the 
cooling period. This would cause six normally open contacts to close and short to the 16 volt point 
as many of the first six condensers of the network as were connected to the relay contacts. At the 
Same time a pair of normally closed contacts would open the network just inside the point where the 
last condenser was shorted so that the remaining portion of the network would not be appreciably 
altered by these switching operations. Also the cooling time for these runs was kept as short as 
possible, a matter of a few hundredths of a second, in order to minimize any change in the voltage 
distribution of the interior. Separate runs were made in which from one to as many as six of the 


condensers would be so shorted in order to simulate various penetration depths and to determine the 


effect on the subsequent maximum reheating temperature. 


The equivalence of the surface and the “penetration” cooling runs was determined by comparing 
the quantity of electricity removed during the cooling periods. As was depicted in Fig. 2 for the 


thermal prototype, this amounted to a comparison of the areas, A, and Ay, which represented the amount 
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of heat. For the surface cooling runs the quantity of electricity, Q,, was determined by recording 
vs, time the voltage drop across the first half of Ry (Fig. 4); this was converted to current, 1, 
and integrated from the recording tape with a planimeter to get Q, (in effect using Q, = fi dQ.) 
For the “penetration” runs the quantity of electricity was determined by making use of the relation, 
oe. JE ae,, and by taking into account the manner that both # and C, varied with “depth” in the 
networks. The assumption was made that F varied linearly from #, = 200 volts at the “surface” to 

EF = 100 volts at the charcoal-wood interface. This assumption was valid to within three percent since 
the charcoal layer thickness was usually a small fraction of the total slab thickness or cylinder 
radius. The variation of C, with “depth” was taken as it actually was computed and used in the net~- 
works. Thus, Q, could be obtained for every “penetration” cooling run and compared by cross plots 
with the corresponding surface cooling runs in order to obtain an equivalent surface cooling run 
having a particular cooling time. Since the same heat removal would be involved, the two equivalent 
runs would require the same amount of water for suppression as viewed in this study and their effec- 
tiveness could be compared by observing their values of maximum reheating temperatures. The details 


in these comparisons required rather arduous calculations and are not included in this paper but are 


given in Reference 3. 


Calculations for the water layer thickness, 5, for each run were made as follows. The quantity of 
electricity, Co determined as indicated above, was converted to a quantity of heat, Q,, by using 


Equation [18]. This quantity of heat was taken to be that given up by the vaporization of water of 


density, Y, spread over an area, A, to a thickness, 5. Thus, 0, = Hy A 5, where H is the latent heat 


of vaporization of water, On equating the two expressions for Q,, there is obtained 


xtG? 
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Extinguishment by oxygen dilution was simulated in the runs by the aid of the oxygen dilution 
switch. S,, which would be placed in the “on” position (Fig. 4). After the initial charging of the 
network, like that for the other types of runs, the control switch would be placed and left in posi~ 
tion 2. Thus, there would be no simulated cooling and the network would discharge through R#,. From 
the tape recording the time for the surface temperature being represented to drop to 600° F would be 


obtained. 


The slab for which one dimensional heat flow investigations were made was simulated by 10 elec- 
trical meshes representing charcoal, followed by 13 meshes representing wood. In addition to the 


properties listed in Table 1, the following numerical quantities were used in computing the electrical 
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29 
parameters for this case: 


A = 0.1 ft? 
g = i volts / °F 
7 
m = 300 Btu/ °F farads 


nm = 3600 sec/hr 


y Each of the 10 charcoal meshes represented a Ax = 0.001 ft, for which a typical mesh contained: 


R, = 0.230 megohms 


C. = 1.065 microfarads 


' 


The wood meshes following had the first 5 meshes with Ax = 0.001 ft and the next 8 meshes with 
Ax = 0.002 ft. This gave a slab of a nominal 0.030 ft thickness that could be viewed as being a 
0.060 ft thick slab which was suppressed simultaneously from both sides. For a value of h = 6.0 


Btu / ft? °F hr, R, was computed to equal 1.80 megohms. 


To represent different degrees of establishment of the fire, various thicknesses of the charcoal 
layers were used in the runs. In addition to using 10 Ax’s (0.010 ft) of charcoal elements, runs 
were made with only 2 Ax’s (0.002 ft) and 5 Ax's (0.005 ft) of charcoal elements on the surface of 
the wood. Also in order to establish what was thought to represent the most severe condition of 
initial burning, a series of runs was made on a complete charcoal slab of 30 elements (0.20 ft) which 
was charged initially with a simulated uniform temperature of 1500° F throughout its thickness. For 
all practical purposes this was found to represent a semi-infinite slab since considerable reductions 


in the slab thickness did not appreciably affect conditions on the surface for the times employed. 


The cylinder for the one dimensional heat flow Pay ee reer acne (radial symmetry) was simulated by 
15 annular shaped elements of wood at the center (0.020 ft in radius) with 10 elements of charcoal 
for a surface layer (0.080 ft thick), giving a total radius of 0.030 ft, In addition to the materials’ 
properties, the following numerical quantities were used in computing the electrical parameters for 


this case: 
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30 
nm = 3600 sec /hr 
In Table 2 the circuit parameters for this case are tabulated. 


Similar to that for the slab case, two degrees of burning were represented for the cylinder by 
making runs using 5 and 10 Ar’s of charcoal elements. Since the outside radius would change slightly 
with each of these charcoal layer thicknesses, the values of R, would also change. For example, with 


h = 6.0 Btu / ft? °F hr, R, was found to equal 0.588 and 0.490 megohms for the respective 5 and 10 


Ar's of charcoal layer thicknesses. 


For the slabs and cylinders thus far described, the cooling was considered to be applied instan- 
taneously over the entire external surface, and in these cases the heat flow was unidimensional. Con- 
sideration was also given to a progressive cooling extending over the external surface of a cylinder 
giving rise to a two dimensional flow of heat, tangentially as well as radially. This treatment would 
approach conditions in practice where in fighting forest fires it is difficult to apply a suppressing 
agent on more than one side of the pieces of burning wood. Also from observations of model laboratory 
fires (3)-it was quite apparent that the frontal area of buming cylindrically shaped wood specimens 
on the side of the water spray was readily wetted but that the water spread rather slowly over the 
rear surface. This resulted in a much greater water requirement for complete extinguishment than 
when both the front and rear surfaces were sprayed simultaneously, even though spreading over the 
rear surface could be facilitated somewhat by the use of wetting agents. Some features of this action 
are depicted in the sketch of Fig. 7. The line of symmetry appearing on the sketch is to some extent 
an idealization not actually realized umless the cylinder’s axis is vertical because gravity influ- 
ences the water film above the line somewhat differently from that below the line. Notwithstanding 
this discrepancy, it was felt that the more salient characteristics of the actual cooling were re- 


tained when this symmetry was employed. 


In order to use the thermal analyzer to study the surface temperature and the heat loss by this 
sort of cooling, the spreading of the surface cooling over the rear of the cylinder was necessarily 
done in discrete steps rather than continuously. The wood and the charcoal represented in this bum- 
ing cylinder were divided into elements as indicated in Fig. 9. The six sectors were numbered from 
1 through 6, and the four radial divisions were designated by letters a, b, c, and d. Essentially, 
the dimensions were the same as for the cylinder with one dimensional heat flow with 5 Ar’s and the 
Same conversion factors were used in computing the electrical circuit parameters. The circuit para- 
meters for one sector in this arrangement are given in Table 3, These are essentially the same for 


all sectors except for the small differences in values of C, due to variations from their nominal 
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FOR CYLINDER WITH ONE DIMENSIONAL HEAT FLOW. 


Mesh Material Distance from 

Number Represented Surface (feet) 
1 Charcoal 0.0010 
9 2 Mn 0.0021 
Q 3 ” 0.0030 
4 ” 0.0040 
= ” 0.0050 
6 fo 0.0060 
q " 0.0072 
8 " 0.0082 
9 n 0.0092 
10 " 0.0101 
VE Wood 0.0111 
12 ft 0.0121 
i Ee ” 0.0131 
14 " 0.0140 
15 " 0.0150 
16 W 0.0161 
1? " 0.0172 
18 " 0.0184 
19 fi O.01L97 
20 " 0.0213 
2) " 0.0232 
oe ” 0.0258 
23 " 0.0283 
24 " 0.0290 
25 fr 0.0298 


TABLE 3. TYPICAL CIRCUIT PARAMETERS 
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.0585 


0655 


.0635 


0632 


. 0691 
.0708 
.0874 


0775 
0808 
0775 
0454 


,0481 
, 0488 
. 0480 
MUS UPA 
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0727 
0864 
105 
147 


218 
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(microfarads) 


542 
724 
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FOR ONE SECTOR OF CYLINDER WITH TWO DIMENSIONAL HEAT FLOW 


’ 


Material Distance from 

Annulus Represented Surface (feet) 

a Charcoal 0 - 0.0010 

b Charcoal 0.0010 - 0.0056 
, Ss : Wood 0.0056 - 0.0101 


d Wood 0.0101 - 0.0145 


Radial 


Resistor 


0.870 
4.48 
ad te 
5310 


(megohms) 


Tangential 


Resistor 


(megohms ) 


142. 
isc 


C 


e 
(micro farads) 


0.249 
1.05 
3.6% 
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FIG. 7. WETTING OF A CYLINDER WITH WATER SPRAY FROM ONE SIDE. 
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FIG. 8. SURFACE TEMPERATURE VARIATIONS OF SECTORS FOR CYLINDER 


IN TWO DIMENSIONAL RUNS. 


6?) 


AiTTan 4% 


’ " > a nies 


bs nya onion let fsa rey lw breve nto lial armen 
40 5 f fon mri 
t ee 


eet aera van aed wromeetieiata! lillian amt eaten yee orn eTacin 


ee eS eee ee mere ey at inkanti et he 
4 : t - 


f 

i 

ae 
deals digi 


+ i f 
ee ee ee Se 6 re tet ie rman mL ER re payee 


i 

4 oh 
. he . . | 
od 


Nop ga 


: 
, i 
ier ee 


4 


35 


Charcoal Wood 


(a) Division of Cylinder into 
Sectors and Annuli. 


(b) Electrical Representation ~ 
of Two Adjacent Sectors. 


(c) Electrical Mesh Equivalent of One Element. 


FIG. 9. SCHEMATIC REPRESENTATION OF CYLINDER FOR TWO DIMENSIONAL HEAT Low. 
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values. 


Fig. 8 illustrates the variations in surface temperature for each of the various sectors during 
a typical run. At the instant when cooling commenced, the cylinder was assumed to possess a tempera- 
ture distribution resulting from the buming temperature, 1500° F, being applied uniformly over the 
outside surface until the temperature at the charcoal-wood interface was 800° F. When this was 
achieved, a temperature of 212° F was instantaneously imposed on the front surface sectors 1, 2, and 
3 with 1500° F still prevailing over the rear surface sectors 4, 5, and 6. After a prescribed time 


interval, designated as 9., the spreading time per sector, the surface of sector 4 was instantane- 


s? 
ously reduced to 212° F, This same step-wise cooling was applied in tum to sectors 5 and 6 yielding 
a condition corresponding to the wetting being extended over the entire cylinder. After an additional 
time interval representing the cooling time for the last sector, G5. the 212° F temperature was re~ 
moved from the entire surface, and the surface temperatures of the various sectors were allowed to 
take whatever values they would as determined by the ambient conditions and by the existing internal 


distribution of temperature. It is obvious from the longer heating and shorter cooling of sector 6 


that it would achieve the highest f. and be the most critical region in regards to rekindling. 


The schematic diagram for investigations on the cylinder with two dimensional heat flow is given 
in Fig. 10. The network representing this case is shown in the lower part, and the details of switching 
are shown in the upper part. The voltages obtained from the D.C. power supply and the voltage divider 
were the same as those used for the other cases investigated. A ganged five section, seven position 
switch, S; was used as the control switch. Section 1 was connected to the first three sectors of the 
network while sections 2.3, and 4 were connected to sectors 4, 5, and 6, respectively. Section 5 was 
used in the timer circuit in a manner similar to that for the one dimensional cases of Fig, 4 and is 
not shown in this schematic diagram. With S, in position 1, the network was made ready for charging. 
On turning to position 2, the switch applied the voltage, #,, to all sectors causing the prescribed 
initial voltage distribution to be obtained in the network. When voltmeter, Vy, at the charcoal-wood 
interface reached 100 volts, the switch was turned to position 3 producing a voltage, #,, across the 
first three sectors. After a time, ae the switch was turned to position 4 producing a voltage, E., 
across sector 4, In aimiilae fashion positions 5 and 6 connected the input terminals of sectors 5 
and 6 to E,. After the cooling time, pe for sector 6 had elapsed, the input terminals of all sectors 
were switched to their respective R, resistors, and the value of T. for the last sector was measured 
using a D.C. amplifier and a Brush recorder to record the voltage across the last sector's k,. Another 
D.C. amplifier and Brush recorder were employed to record the voltage across a small resistance in 


series with the leads from each sector to the divider where Ls was obtained. This enabled the quantity 


ee, Cats Los 


igtoga ty alaniatis 


; ob Oe 
set) aa ‘ 
a bee ot } 
'y ’ 
ae 
q , 
Py 
4 
=v 
0 
J, 
¥ 
‘ 
i z 
4 Fy 
. 
e 
16 te ees rans 
3 a. ivy ne «| 


neelo aga) % “O08 


Rik.) 681 DRITSS | Pacers 


Qe eva eN Peo 


ces Pepa loregis 


ailind 8 


ge tee “oes or 
8 VS7iA oe Tee 


hy by ei Roe § b 
4 


Dareta ke 


‘ wae LG i, 
my t ES aaa) Oe ee 
{EL Leet Ls 
3 Fas “a 
ay 
es i ‘ 3 
Lee. Wee 
‘ 
. 
pee ie rhe. Bietay 
Y “> rar) 
: An 
i 
4 } 14 
; 5 
¥ ¥ wy j ia 
ts : 
if 
wf 7 (Soo aD 
5 Pour 1 Oe AF ; > 


idk 


SERED BOF |, 


$2 Ba 


TORE ehaaies psn al ov ols oe aoisieans 


: ) 
PO: Vee ES 
# ‘ 


One ahd .vee cea ted see oer basagh. sii 4 
ORS QC Be Geta LOdks , ORS are CMR Tee ian | See 


ito 34%0, bolvisgas anied ete ad ay eke 69 


Delete Hs orict vey nice 3 
it ie Retire seo: ORR ie Sri eS See ee eee 
* yi bachttieteh Bk Riise) Sale 
is “ | ( ere p)% td wate hag ¥ { Shut ene aueaas 
. ae mere ee 
. Oi 223, oO rt bP Se Th Sy eee 
Hants gel no aagd sagttesen Ags eg eile 
a re, 5 é oi - FL, ss iy 9 {3 rivets ae IR, ya wis 
: - 3 
sf13 ie te. Pub) Goo sa (ow “yy tt 3% Wit 1H 
\ Daley steovn) totes “neato 9cs eo meee sands a 
wie» 
is os © ah 
" at 2 oat. oto ee heey er de bom 


oe BRE? SE heats 


> f 
t i 


Pe ee ee why as seh Ee 


eee ie neni ie ome Ae Bae 


MOL ELAS oo RSs aw 


oo ‘bert Baw ha ey arly 


iad Ley birt a xoxsen ta)" 


Fer ae se ib 2 Laem whet : 


: cea t Cie ole : ig robe 
GIS ic pak TED aS ae ee oa Dae hs 


soo nominate ‘beowe| eopiee edt oe saairaragans sds. eer 


lehesaetiat ey gaw F "LIC 3a ovate sae 


44 fa Sots ih. age it cK Iryeesygsy e 


atae B bea ih i ened F208 


=) hehe Re GAL 7 LE 


a aad 


me % ad vid oi toda 
ees ois ay toy 001 


te 


aah) bebinonmee a bee sonia widen aid fine 


35 


2 CHANNEL 
BRUSH 
RECORDER 


D.C. 
paver ISuppl fey owe nitatligly te unlial [ew we soe] 


E 
b 5 alles, a4 
Ug : : 
; TE 4 : — |—|-Oo— — -0O— -/—|!-O — — —o— -|— |-O0 — — —o 
GP IPPC Ly yy: ny 
Bee ; © ° O 
faze S| 
Rh 
S; Control Switch a Rh 


V,; Power Supply Voltmeter 


Vy Charcoal and Wood 
~ Interface Voltmeter 


Annulus 
¢ 


a 


FiG, 10, SCHEMATIC DIAGRAM FOR THERMAL ANALYZER 
- TWO DIMENSIONAL CYLINDRICAL RUNS. 
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of electricity removed fer the entire sequence of spread wetting and cooling to be measured so that 


the corresponding heat removal and average water film thickness might be calculated. 


Only surface cooling runs with h = 6.0 Btu / ft* °F hr were employed in the investigations for the 
cylinder with two dimensional heat flow. Spreading times, pe of 0.25, 1.0, and 8.0 seconds per sec-~ 
tor were used with the cooling times, (7, for the last sector ranging from 0.25 to 8.0 seconds. The 
value of R, for each sector was 7.05 megohms. Since the first three sectors were treated identically, 
each of their Rf, resistances was effectively in parallel and was replaced by a single resistor of 


value R, pools 


Results from the previously described tests are presented in the graphs of Figures 11 to 15 and 
in Table 4. Though condensed considerably from a comprehensive research program, it is believed that 
the more representative and significant results are presented herein. In these figures, T., the maxi- 
mum reheating temperature is plotted as ordinate. The cooling time, ce is plotted as abscissae in 
Fig. 11, and on the rest, Figures 12 to 15, the equivalent water layer thickness, 5, is plotted as 


abscissae. 


TABLE 4. SUMMARY OF OXYGEN DILUTION RESULTS. 


im 


Case No. of Charcoal h Extinguishment 

Investigated Ax’s or Ar’s (Btu / ft? °F hr) Time (seconds)* 
Slab 2 6.0 1.8 
Slab 5 6.0 Nd 
Slab 10 6,0 lye 
Slab all 6.0 2052 
Cylinder i 3.0 4.4 
Cylinder 10 3.0 12 
Cylinder 5 6.0 Died 
Cylinder 10 6.0 1E8 
Cylinder 5 9.0 1s) 


arn cee tt 


* Time for surface temperature to decrease from 1500° to 600° F. 
on eo ob ES DS, i ae Se 
The effect of the degree of establishment of the fire for slabs can be seen from the curves for 
surface cooling of Fig. ll and Fig. 12. This effect is also shown for the cylinder with one dimen- 
sional heat flow in Fig. 13 for both surface and “penetration” cooling. Comparisons of the above 
curves show a definite increase in the equivalent water layer thickness and the cooling time as the 
charcoal layer is made thicker, corresponding to the greater stored heat within the bodies in a more 


established fire. 
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A comparison of the effects of surface cooling and’ penetration” cooling on extinguishment may 
be made from the curves plotted in Fig. 13 and Fig. 14 for the cylinder with one dimensional heat 
flow. It would appear from these curves that there is no clear cut advantage of “penetration” cool ing 
over surface cooling. One might therefore conclude that as far as the effect of cooling is concerned 
in extinguishing a wood fire as viewed in these studies, the penetration ability of the suppressing 
agent is not of great importance. In the extinguishment of actual fires, however, there may be other 
factors or mechanisms present for which penetration of the suppressing agent may either directly or 
y indirectly contribute to the overall effectiveness. On the other hand from observations made during 
laboratory and field test fires, it appeared that spread wetting was a desirable action in order that 
the fire might be extinguished on the side of a stick away from the spray. It is even conceivable that 
penetration action may be detrimental in slowing down spread wetting by causing the front part of the 


stick to become saturated with an excess amount of water that must first penetrate before it can build 


up to a sufficient thickness on the surface to spread wet. 


The effect of h, the combined unit thermal conductance for radiation and convection, on the re- 
sults may be seen in Table 4 and in the curves of Fig. 14 for the cylinder with one dimensiona! heat 
flow. For each type of extinguishment there was a noticeable spread in the results for h = 3.0, 6.0, 
and 9.0 Btu / ft? °F hr with greater amounts of the extinguishing agent needed for the smaller values 


of h. 


The effect of the three spread wetting rates used in the surface cooling runs for the cylinder 
with two dimensional heat flow may be seen in the curves of Fig. 15. Comparable curves are also plot- 
ted for one dimensional heat flow in both the slab and the cylinder where instantaneous wetting on 
all sides was simulated. It was thought that the spread wetting rate of one second per sector most 
closely approximated the observed rates during suppression of laboratory model fires of a tar 
sized specimens. Using this intermediate spreading rate, it can be seen that about two and one half 
times as much water was required for extinguishment as for the comparable instantaneous wetting case. 

8... it can be seen that the equivalent water layer thickness is decreased if the spreading rate is 


increased. 


What was thought to be the most striking result of all these tests was the comparatively smal] 
amounts of water required for extinguishment. For example, a layer of water approximately one-thou- 
sandth of an inch thick suddenly applied over the surface of a 0.6 in. diameter burning wood cylin- 
der should be sufficient to suppress the fie and prevent rekindling in the subsequent rise of sur- 
face temperature. This gives a ratio of the volume of wood to the volume of water required for ex- 


tinguishment approximately equal to 150/1. In certain laboratory and field test fires (3), compa- 
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rable ratios were in the order of 7/14, thus showing the large room for improvement of techniques 


of extinguishing wood fires. 


A comparison of curves for the one dimensional heat flow cases shows that results for a cylinder 
are fairly closely approximated by results for a slab with comparable number of elements of charcoal 
and values of h. This would tend to show that the geometry for these various cases does not influence 


the results as greatly as does the heat transfer in the portion of the material near the surface. 


Times for extinguishment in the oxygen dilution runs are listed in Table 4. These decrease in 
about the manner expected with the higher values of h and with the smaller degree of fire establish- 
ment indicated by the lower number of charcoal elements. Except for the severe case of the uniformly 
heated complete charcoal slab, extinguishment times range from about two to eight seconds for the 
representative value of h = 6.0 Btu / ft? °F hr. These times are approximately five to ten times greater 


than the water cooling times from the comparable surface cooling runs where a 7, of 600° F was obtained. 


Z In recent tests (8),.W.L. Fons has obtained ratios as high as 117/1, for laboratory model 
fires and 56/1 for field test fires using burning stacks of logs. 
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CONCLUSIONS 


1. When water at ordinary temperatures strikes burning wood, it will not instantaneously boil, 


and consequently initial wetting should be possible. 


2. The thicker water layers required for the greater depths of charcoal show that more suppressing 


action is needed for extinguishing the more established fires. 


3. There appears to be no significant difference in the values of the maximum reheating tempera- 


ture obtained for the ‘‘penetration” cooling runs and the equivalent surface cooling runs. 


4. For all types of extinguishment the value of the unit surface conductance, h, which affects the 


ambient cooling, has a significant influence on the maximum reheating temperature. 


5. A layer of water approximately one-thousandth of an inch thick suddenly applied over the surface 
of a 0.6 in. diameter burning wood cylinder should be sufficient to extinguish the fire and prevent 


rekindling. This gives a ratio of the volume of wood to the volume of water equal ap»roximately to 


10/1. 


6. If the frontal area of a 0.6 in. diameter burning wood cylinder is instantaneously wetted and 
if four additional seconds are required for the wetting to cover the entire rear portion due to a 
finite rate of spread, the amount of water required for extinguishment will be about two and one-half 


times as great as would be required if the entire wetting were instantaneous. 


7. The amount of water required to suppress a buming cylinder of wood is decreased if the rate 


of spread wetting is increased. 


8. For one dimensional heat flow, results for a cylinder are fairly closely approximated by 


results for a slab. 


9. Results for the oxygen dilution runs, representing CO, extinguishing, indicate that the times 
required for extinguishment range between about two and eight seconds for conditions that are believed 


to be most representative of actual situations, 
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A COMPARISON OF SEVERAL HEAT AND MASS TRANSFER NETWORKS 
OF INTEREST IN WATER CONSERVATION 


Heinz F. Poppendiek and Myron Tribus 


Abstract--Electrical networks descriptive of the heat and mass transfer processes 
occurring in the systems such as lakes, open fields, snow banks, and United States 
Weather Bureau evaporation pans, are presented and discussed. Suggestions for re- 
search and correlation of measurements are given on the basis of an examination and 
comparison of the networks, 


Introduction--Exact solutions to most heat and mass transfer problems can only be obtained 
by the solution to the diffusion equation, There has been a growing appreciation, however, for the 
fact that many ‘‘field’’ problems may be solved with a satisfactory approximation by ‘‘network”’ 
methods, that is, treating in place of a system of spatially distributed quantities an approximately 
similar system comprised of ‘‘lumped’’ parameters. This method of analysis often results in a 
better overall view of the problem. It is the purpose of this paper to show how this network ap- 
proach may be applied to the following systems involving large scale heat and mass transfer 
(evaporation): (a) an open field, (b) a melting snowbank, (c) a lake, and (d) an evaporation pan. 


The treatment of problems in heat transfer [TRIBUS and MORRIN, 1948], mechanics [MILES, 
1943], and electromagnetic radiation [McALLISTER, 1944], by the consideration of an equivalent 
network has permitted profitable analysis by analogic means, and what is equally important, has 
provided a terse graphic means of portraying the important variables in a complicated system. 
The thermal or mass flow network has the same significance in diffusion problems as has the free 


body diagram in mechanics. The important variables stand out unencumbered by non-essential 
details. 


A brief search of the literature revealed that this mode of analysis has not been brought to 
bear upon the problems of large scale evaporation in such systems as open earth fields, lakes, or 
snowbanks. Many workers are active in this field, each, in general, attacking one portion of the 
network, If the presentation of the complete systems (via network representation) serves to show 
the common features in these many investigations, the purposes of this paper will have been met, 


Symbols and subsceripts--The following symbols are used: 
A = area, sq ft 
B = barometric pressure, inches Hg 


load 
iT 


c = unit thermal conductance, Btu/hr ft2 °F 
unit mass conductance, Ib/ft2 hr (1b/Ib) 
= mass flux, lb/hr 
H = specific humidity, lb water/lb air 

k = thermal conductivity, BTU/hr sq ft (°F/ft) 
@) L = latent heat of vaporization for water, BTU/lb 

P = vapor pressure of water, in Hg 

q = heat flux, BTU/hr 

R = thermal resistance, °F/BTU/hr 

t = temperature, °F 

7 = temperature of receiver, °F 

y = distance from surface, ft 

= means equal by definition 


fm 
g 


The following subscripts are used: 
c = convection of heat 
m = mass transfer 


s = surface 
co 


neg il 


‘free stream’’ 
dp = dew point 
mr = mean radiant 

f = mixed mean fluid 
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The network parameters--A simple example of the network technique may be found in the 
case of convective heat transfer to or from a fluid flowing in a pipe. (The heat conduction equa- 
tion for a moving fluid is in many cases the same for the atmosphere as for the fluid in the pipe; 
only the boundary conditions and scale of turbulence are changed.) The thorough way of studying 
the details of the heat transfer mechanism is certainly to solve the fluid flow (hydrodynamic) and & 


temperature (thermal) equations simultaneously, Even for such a simple system as flow in a pipe 
the problem is not easy, in fact, only for a few systems have the equations been solved, On the 
other hand, the compelling reason for solving these equations is the desire to predict the behavior 
of heat exchange equipment involving flow in tubes. Since this requires only the magnitude of the 
heat flow across the boundary, it is customary to define a ‘‘unit thermal conductance’’ (known also 
as a ‘‘heat transfer coefficient’’ and ‘film coefficient’’; called ‘‘conductance’’ here to emphasize 
its role in the circuit) according to 


qPHgAty —G) Obici. eer Lae) 


where A is the area through which heat flows, and subscript w relates to the pipe wall. 


The product {,A corresponds to the ‘‘conductance”’ of an electrical circuit; the reciprocal is 
referred to asa ‘‘thermal resistance’”’ and is indicated in thermal circuits by the same symbol as 
is used for a resistor in electrical circuits. 


How has the introduction of this symbol simplified the problem? Also, how does it relate to 
the solution we would obtain were we to solve the classical equations for the heat transfer in the 
fluid? The last question may be answered first. If the solution to the fluid flow and heat transfer 
equations were available we would have on hand some function which described the temperature 
distribution in the flowing fluid. This function would then be differentiated and the heat flow de- 
termined from the gradient of temperature at the wall of the tube, that is from 


GS -RAUHt/dy)> 2p): sae oe eee . eee netfee) 


From the definition of the conductance it is evident that the unit thermal conductance is re- 
lated to the gradient of temperature in the fluid by the equation 


fe = -[k(dt/dy)y = 0]/(tw - ty) = -k {2[lt - t)/(ty - tp\/ay}y - 9 


The use of the unit thermal conductance for heat transfer then is a way of discussing the be- 
havior of the all important gradient of dimensionless temperature at the boundary in the absence 
of information about the entire temperature field. This gradient (or the conductance) is a function 
of many parameters, which affect the hydrodynamic and thermal equation, the fluid properties, 
nature of boundary layer, flow velocity, and stability, all of which concern us. Lack of exact knowl- 
edge of the entire field does not prevent us from considering the conductance and also does not 
prevent us from measuring it. 


If, in a thermal system, the temperature is a function of time, One must consider the effect of 
‘thermal capacity. It is evident that the analogous electrical quantity is the capacitance. In ther- 
mal circuits the accepted symbol for a capacitor is used. In an analogous fashion the defining 
equation for the unit conductance for mass transfer is given by 


ge@At. (Hg - H,) 


The definition for the conductance is seen to consider that the driving potential for mass trans- 
fer is the concentration (or specific humidity). Obviously other potentials could be chosen; the con- 
ductance would then take on a different numerical value and different units. The proper potential to 
take is probably the fugacity of the water, but the vapor pressure is easier to measure. If the vapor 
pressure is taken as the potential, but the conductance is retained in the manner defined above, the 
resulting equation for the mass transfer is 


g= Af, 0.62 (Bg =P. )/Buy, nce . (4) 


Associated with each pound of water evaporated, there is L, the heat of vaporization, approxi- 


mately 1050 BTU/lb. The energy transfer associated with the evaporation process is therefore 
given by 


do =A £0.62: (Rae P2)/Ba. . |, seen er 3 (5) 
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Fig. 1--Thermal network for Earth system 
(in the absence of mass transfer) 


Fig. 2--Thermal network for Earth system with 
convective path in its more complete form 
(in the absence of mass transfer) 
mass 
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& Fig. 3--Mass transfer network for Earth system 


The usual way of defining the thermal resist- 
ance is by means of the equation 


= At/R (6) Fig. 4--Energy transfer network for Earth 
: ieee ee ars system with combined heat and mass transfer 


The temperature difference to be used is somewhat arbitrary in most convection systems, 
the choice of temperature difference determining the magnitude of the resistance. For the mass 
transfer resistance one potential is taken as the temperature of the surface in question, the other, 
for reasons which will become apparent later is taken as the dew point of the air at the position 
where P,, is measured. 


& The thermal resistance is therefore given by the following equation, obtained by eliminating 
q from the previous two equations 


Re = [(tg - Tap)/(Pg.- Poo) )(1.61/LB/Ep A). seve cee ents (7) 
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If a temperature other than the dew point is used as the lower potential in the definition for 
the resistance for the evaporative process, negative values for Rg may occur. Since Pg corres- 
ponds to the saturation pressure at tg and Tg, corresponds to the dew point at vapor pressure 
P.5, the equivalent resistance is always positive. Another method of treating the evaporative 
terms in the energy balance is to consider equivalent ‘‘sources’’ or ‘‘sinks’’ of current, as will 
be demonstrated when the effects of solar energy input are considered. Es 


The fact that the thermal resistance turns out to be a function of the surface temperature as 
well as the free stream dew point should not be considered unusual, Thermal circuits in general 
are non-linear circuits and one must adopt the same techniques in treating them as are adopted 
by electrical engineers in studying networks containing vacuum tubes, relays or non-ohmic elements 
with thyrite. 


The discussion which follows will be limited to systems in which there is no variation in net- 
work parameters with distance parallel to the surface from which the transfers occur. Such sys- 
tems are the easiest to analyze, but if a complete solution is to be obtained, the effects of the up- 
stream conditions on the downstream behavior should be included. In particular the effects of 
currents in lakes and of fronts in the atmosphere will not be included in the paper. 


The thermal network for heat and mass flow in the open earth field system--Figure 1 shows 


the thermal circuit for an open Earth-field system. The Earth is considered to be made up of 
layers and to each layer there is assigned a resistance and a capacitance (that is, the distributed 
system is approximated by a resistance-capacitance (RC) network). The more finely the divisions 
are taken the more closely the behavior of the RC network will approximate the solutions to the 
diffusion equation. The solar input, being independent of the Earth temperature, is represented 

‘ by a current source which follows a prescribed function of time. (A current source is a device 
which supplies a current to a network regardless of the potential as opposed to a potential source 
which maintains a constant potential regardless of the current drain. Practical electrical devices 
for this purpose function only in a limited range fixed by their design.) The convective heat flow 
resistance between the air and ground is represented by the resistor marked convection which is 
extremely variable in time. This resistance can be represented more completely by an RC net- 
work, similar to the one used for heat transfer in the Earth, The resistor marked ‘‘radiation’’ 
is representative of the ‘‘back radiation’’ resistance and is the predominant mode of heat trans- 
mission at night, 


The lower potential for the radiant energy transfer from the Earth to outer space is the mean 
radiant temperature, that is, the effective temperature for radiation as measured by a radiometer 
integrating over a hemisphere, 


Figure 2 reveals the heat-transfer network which contains the more complete convection cir- 
cuit. The search for proper values of the eddy diffusivity in the Earth’s atmosphere may be lik- 
ened to the attempt to evaluate the indiviual resistors in the convection path of Figure 2. 


In general, workers on the problem of heat transfer in the Earth have confined their attention 
to one part of the network or another. Thus, considerable data are available on heat flows in the 
Earth [PATTEN, 1909; SMITH, 1938, 1939], net radiation from the Earth to the sky [BOELTER, 
POPPENDIEK, YOUNG, and ANDERSEN, 1949], and solar irradiation [MOON, 1940]. Fewer data 
are available on the convective path [LETTAU, 1939]. Most workers use the Earth temperature 
as one reference, although if the problem is one of predicting heat flow it is seen that the surface ae 
temperature is the result of the currents in each part of the network and surface temperature 
should be treated as a dependent variable, not as the independent one. © 


In parallel with the thermal network there exists a mass-flow network. Figure 3 shows the 
network representation for the mass transfer, Moisture is exchanged between the Earth and air. 
The soil represents a resistance to the transfer of moisture which has been studied [SMITH, 1943] 
but seldom treated in conjunction with the resistance to convective transfer in the air, 


Actually the heat- and mass-transfer networks are in action at the same time. The two modes 
of energy transfer affect one another in several ways. The moisture content of the soil influences 
the thermal conductivity and heat capacity of the Earth. The temperature at the Earth’s surface 


influences the vapor pressure there, The moisture content of the air in turn affects the resistanc 
to radiation and the magnitude of the nocturnal radiation. Ge 


Figure 4 shows the network which represents the combined transfers of energy to or from the 
Earth’s surface. It would serve no useful purpose to add to the diagram the indications of how the 
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one resistance is affected by the current flows in other branches, but these mutual effects must 
be considered when ‘‘analyzing’’ the network. 


The network for a snowbank system--Because the largest evaporation rate for snowbanks 


probably occurs when the snow is in the process of melting, this case will be considered. The 
case of the snowbank when the snow is not melting is simpler and can easily be treated when the 
more complicated case is understood. 


Figure 5 shows the network drawn to represent the energy-transfer processes in the snow- 
bank. As shown in Figure 5, the surface of the snowbank stays at 32° F while the snow is melting. 
A battery is indicated as maintaining the surface ‘‘potential’’ (temperature) constant in much the 
same fashion as the latent heat of fusion serves to hold the temperature fixed. (The current flow 
to or from the battery simulates the amount of heat transferred during melting or freezing.) The 
input energy from the Sun, indicated by the current source, is not all absorbed at the surface of 
the snowbank, but is rather absorbed in successive layers. The snowbank has a very low thermal 
conductivity and diffusivity. The heat transmission within the snowbank is represented by the RC 
network. The snowbank rests upon the Earth and the conduction of heat in the Earth is represented 
by the RC network shown. Radiation to the sky and convection to the air are shown as before. 


--Figure 6 shows a network which has been drawn to illustrate energy 
flow paths for a lake system. In Figure 6, the various resistances which occur in the network 
within the lake are all functions of the turbulence occuring in the water. Thus the wind, the vis- 
cosity, the temperature distribution, and lake currents affect the magnitudes of the resistances, 
Like the case of the snowbank, the water does not absorb the solar energy at the surface of the 
lake, but rather there is a steady absorption from the top down. The absorptivity of the water de- 
pends upon its purity. Data on the absorptivity of pure water are given in MOON [1936] and HUL- 
BURT [1926]. These data indicate that at a level of one foot beneath the surface of the lake, 60 
per cent of the energy has been absorbed. (The usual exponential law may be applied.) 


The transfers of energy from the lake surface to the sky and air are accomplished by the 
same processes as exist in the Earth and snowbank systems. There will be a large difference 
between the evaporation rates from deep lakes as compared to shallow lakes. In a shallow lake 
(something just short of a marsh, say) a large fraction of the radiant energy will be absorbed at 
the bottom of the lake and considerable heat will be transferred by convection from the lake bot- 
tom to the water. This will lead to an instability and promote the convective transfer within the 
lake, Also, the capacity of the shallow lake will be less and the temperature of the surface will 
in general rise higher during the 24-hr cycle. Note that in a deep lake the solar radiation is ab- 
sorbed in lesser and lesser quantities as one proceeds from the surface. This gives rise toa 
more stable daytime temperature distribution in the lake and does not promote convection, 


The network for a pan--Because the evaporation pans are often used as a guide in the predic- 
tion of evaporation rates for lakes and other surfaces it is of interest to draw the equivalent net- 
work for the energy transfer processes occurring in a pan. Figure 7 shows a sketch of a stand- 
ard Weather Bureau evaporation pan as installed in a typical location [U. S. WEATHER BUREAU, 
1948]. Figure 8 indicates the equivalent network. 


The relation between the resistances for conyection and evaporation--WALKER, LEWIS, 
McADAMS, and GILLILAND [1937] and BOELTER, CHERRY, JOHNSON and MARTINELLI [1946] 
demonstrate that the conductances for heat and mass transfer should be proportional to one another, 
The latter reference shows that at temperatures near 50° F the ratio of f, to f,, (conductance for 
heat transfer by convection to the conductance for mass transfer) is approximately 0.22 for an air- 
water system for either free or forced convection. These relations have been established for small 
scale convection systems, that is, wet bulbs, cooling towers, airplane wings in icing conditions, 
small spheres, flat plates, and other similar systems. There are good reasons to expect the re- 
lations to continue in large scale phenomena, but proof is at present lacking. 


The two resistances will be proportional to one another provided, of course, the flow paths 
between them are the same. For this reason, the point at which the lower potential is selected 
must be the same for both heat and mass transfer. If the “air reference temperature” is taken 


at a five-foot level, then the ‘‘air dew point’’ should be taken at the same height. Eq. (8) gives the 
resistance for heat transfer 


54 | POPPENDIEK and TRIBUS [Trans. AGU, V. 32 - 1] 


& SOURCE OF CURRENT 
WHICH 18 A FUNCTION 
OF Time ( SOLAR AND 


A CURRENT SouRCE 
GASEOUS RADIATION) 


WHICH IS A FUNCTION 


LATENT 
1 
elias s tA aeatlletrs ) THERMAL ENERGY BACK 
CONVECTION TRANSFER RADIATION 
(convection) 


tf, = 32°F 


etal at! a 


AHH HH el aH 
CONVECTION WITHIN THE LAKE 


LAKE BOTTON 


spe ap! ap! aH 


HH BH Ba 


Fig. 5--Energy transfer network for a 


melting snowbank Fig. 6--Energy transfer network for a 


GALVANIZED IRON lake system 
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Fig. 7--Typical pan installation 


Comparison with (7) indicates that the ratio of 
the two resistances, sensible to latent energy 
transfer, is given by 


Ro /Re = m/f (Ps - Poo)/ (ty - T gp) ]0.62 L/B 


+++ (9) Fig. 8--Energy transfer network for pan system 


Because of the previously mentioned ratio between the heat and mass-transfer conductances 
for a water-air system, the ratio between resistances noted in (9) is ultimately given by 


Re/Re = 2.8(L/B)[(Ps - Ry)/(ts- Tap)] --- ++ a epee ULE) 


In the case of evaporation from a lake surface or from a melting snowbank the above ratio is a 
function of three parameters, the surface temperature, the free-stream dew point and the baro- 
metric pressure. The variation with barometric pressure is linear, hence a graph of this ratio 
as a function of two parameters will suffice. Figure 9 shows a graph of the ratio of the two re- 
sistances plotted against surface temperature with free stream dew point as a parameter for the 
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lake and melting snowbank systems, 


Some comments on the prediction of evap- 
ration rates from lakes based upon consider- 
tion of the net haracteristics--If wet- 

and dry-bulb air temperature, mean radiant 
temperature, back radiation resistance, latent 
heat resistance, sensible heat resistance, total 
hemispherical radiation, and water eddy dif- 
fusivity variations were known for the lake 
system, it would be possible to obtain a temp- 
erature solution by numerical or analog meth- 
ods. If such a temperature solution were avail- 
able, it would then be possible to calculate 
evaporation ratesfrom the lake because the 
mass transfer potential would be known. 


The most satisfactory and direct means 
of predicting the rate of evaporation from a 
surface is to know the magntiudes of the con- 
ductance, the surface vapor pressure and the 
vapor pressure in the free stream (wherever 
the ‘‘free stream’’ may be). This technique 
must be applied with care for the results are 
very sensitive to the accuracy of the measure- 
ments. For example, it is very difficult to de- 
termine the temperature of the surface of a 


WATER SURFACE TEMPERATURE ( °F.) lake. True, the water temperature may be 
measured, but it is the temperature at the in- 
Fig. 9--Ratio of convective to evaporative re- terface which must be measured--a measure- 
sistances versus surface temperature for ment taken two centimeters beneath the surface 
various free air dew points will be worthless, particularly at high evapora- 


tion rates where there will be steep gradients 
in the fluid. The vapor pressure of water changes very rapidly with temperature, and an error of 
five degrees F in temperature measurement may well mean an error of 65 per cent or more in 
predicted evaporation rate, The lake surface temperature may be measured by (1) making water 
temperature soundings in the uppermost water layers of the lake, or (2) dragging a light balsa- 
wood float, with an attached thermocouple under it, over the lake surface. 


The determination of heat transfer convective conductances for the range of stability condi- 
tions encountered could be accomplished by measuring convective heat transfer rates and air 
temperature profiles over land. Such studies are at present being conducted by the Department 
of Engineering at the University of California, 


Mass transfer convective conductances could be measured for a range of stability conditions 
over a smooth snowfield where ablation, radiation, and humidity measurements can be made; the 
classical work of SVERDRUP [1936] typifies the investigation that can be made. 


Another technique for predicting evaporation is to set up an evaporation pan and multiply the 
cD ratio of areas of lake and pan by the pan evaporation rate and some empirically determined ‘‘coef- 
ficient.’’ Until careful measurements have been made of the evaporation rates from a few lakes, 
such comparisons must necessarily be considered no more than enlightened guesses, A compari- 
son of the networks for the pan and lake system indicated that few of the resistances are similar, 
the capacitances are unequal and the circuits are very different. Pan evaporation rates reveal 


little that could not be predicted from separate measurements of wind velocity, gustiness, humidity, 
solar irradiation and air temperature. 


Energy methods, as consistently suggested by CUMMINGS [1940] are not satisfactory for lake 
systems, for these energy methods usually suggest that the energy is absorbed at the lake surface, 
It has been shown, however, that the absorption of the radiation occurs gradually with depth and that 
the surface temperature of the lake depends upon the magnitude of the convective resistances with- 
& in the lake as well as the external ones. If the resistance to heat transfer within the lake were 
known, the energy method would have considerable value particularly when modified to take into 
account the actual processes occurring. Suppose that the conductance within the lake were known 
and the temperature beneath the surface were also known at a particular depth. If the surface 
temperature of the lake were known (but not necessarily with the precision required for 
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accurate knowledge of the vapor pressure), the rate of energy transfer to the lake surface (and 
thence to the air) might be computed, Now it is a curious circumstance, as Cummings has pointed 
out, that if the heat flow from the lake is given, the evaporation rate is not a very sensitive func- 
tion of the unit mass conductance between the lake and the air. For example, if the unit mass 
conductance is large, the vapor pressure difference will be small and when the unit mass con- es) 
ductance is small the vapor pressure difference will be large. An accurate value of the conduct- 
ances between the lake and air would not be necessary to the prediction of the evaporation rate. 
Unfortunately, there are available at present no methods for measuring the energy flux from be- 
neath the surface of the lake. Until methods of measurement for either the water side resistance 
or the water side energy flux are available, the energy methods cannot be used for accurate pre- 
diction of evaporation rates from lakes. 
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The Determination of Variables Included in a Composite 
Prediction of Matriculation in Engineering 


by 
W. P. Wallace, Lecturer, and 
H. W. Case, Associate Professor 
Engineering Department 
University of California 
Los Angeles 
In 1949 at the A.S.E.E. Meetings held at Troy, the authors presented 
@ paper entitled, "The Correlation of Industrial Criteria and Demand for 
Engineers." Following the presentation of this paper, correspondence with 


individuals who were interested in the possible applications of the tech- 


nique seemed to indicate the desirability of investigating the relation- 


ship of national trends (as measured by various national economic indices) 
to the number of engineers graduating from the colleges in any given year. 
It was thought probable that by experimenting with a time lag for certain 
of the variables a technique of prediction might be developed that would 
prove to be experimentally interesting. 

Utilizing the method developed by Gengerelli, the intercorrelations 
were determined on a yearly basis for several series of economic indices 
and engineering graduates for the same period of time. A time lag of one, 
two, three, and four years was introduced between the economic variables 
and the engineering graduates. Thus a whole series of possible intercor- 
relations were determined; such as the intercorrelations existing between 
economic variables of 1927, 1926, 1925, and 1924 and the number of engi- 
neers graduating in 1928. 

Since it was recognized that economic variables show variations of 
large magnitude in periods of extreme national crises (such as war) and 


the causes of these sudden variations may not be related in the same manner 
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to the data being used as in a normal period, it was decided that the basic 
data used to obtain the intercorrelations would exclude the war period. 


Therefore, the period of 1920 to 1939 inclusive was used as the basis upon 


which the data was obtained for the regression equations shown in Figs. 


1-8 inclusive. It is unfortunate that much of the data compiled before 
1920 for these indices was not compiled on the same basis as for 1920 and 
the following period, and as a result would be misleading if included in 
the equation. The intercorrelations, which are shown in Table 2, were 
used to determine the weights to be assigned to each of the values used 
in the regression equation. The raw data from which these intercorrela- 
tions were obtained is shown in Table l. 

Figures 1 through 4 illustrate graphically the results of predictions 
when the graduation class of the previous year is retained in the corre- 
lation matrix (introducing essentially the concept of a one year lag in 
the graduating class). When taken over a twenty-year period, the extremely 
high relationship existing between succeeding graduating classes (0.97 
in one equation) prevents the economic variables from exerting any signifi- 
cant contributing influence to the regression equation. It will be noted 
that the period 1940-1950 was predicted by using the regression equation 
based upon the data from 1920-39. It is apparent that if the relationship 
that is shown in these tables continues to be true, obviously one of the 
easiest methods of predicting the class of the next year would consist 
of using the class of the current year rather than calculating hypothetical 
attrition rates. 


In order to determine if this hypothesis would hold if additional data 


were added into the correlation series, the data for the period of 1940 
\to 1947 inclusive was added to each of the series of variables (thus giving 


28 cases as against 20 in the 1920 to 1939 series). A regression equation 
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was then computed for this period using the graduating class of the pre- 
vious year (expressed as a l year lag), the wholesale price index (2 year 
lag), and the Dow-Jones Averages (2 year lag). On the basis of this re- 
gression equation the predicted number of engineering graduates for the 
year 1948 was 29,700, while the actual number was 27,500. For the year 
1949 the predicted number was 41,000, while the actual was 41,800, and for 
1950 the predicted is 45,200--the actual at the writing remains to be de- 
termined. This relationship is shown graphically in Fig. 9 and in its 
accompanying tables. It is to be noted that a slight drop in the correla- 
tion (0.91) with the preceding graduating class is evident (probably 
brought about by the inclusion of the war years) which in turn allows the 
economic indices to exert a slightly greater effect on the regression 
equation. 

Because of the high intercorrelations obtained between the current 
and the graduating class of the preceding year, it was decided to exclude 
this factor from the correlation matrix (the matrix would then only include 
economic variables) and to apply Gengerelli's technique to determine whether 
a regression equation could be worked out from these variables that would 
not suffer from the excessive loading resulting when the preceding gradu- 
ating class was included in the matrix. Using the economic data from 1920 
to 1939 and introducing the time lags as indicated previously, a series 
of regression equations were solved. The results obtained are shown graph- 
ically in Figures 5, 6, 7, and 8. As in the first study, it will be noted 
that the regression equation obtained for this period was then used to pre- 
dict the trend for 1939 to 1950. An examination of these curves seems 
to indicate that with the economic variables used the four year time lag 


gives a closer approximation to the actual number of engineering graduates 
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than any of the other curves. The results might seem to indicate that at 
least the possibility exists that eventually a series of economic indices 
may be determined which when used with the correct time lag may bear a 
close relationship to actual conditions. 

In conclusion, it should be pointed out that, while the method seems 
to show prontes, the entire procedure is undoubtedly open to some question 
due to the possibility of having spurious correlations occur in the var- 
iables comprising the time series, either because of unmeasurable intan- 
gibles in the variables or because of lack of data accumulated for a suf- 
ficient length of time to afford to produce a significant correlation. 

It is the hope of the authors that other investigators may apply the method 


to time series to aid in determining its usefulness as a prediction device. 
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Calculations and Results 


The correlation coefficients for various economic data and graduates are 
shown in Table 2. 

From this table, it will be observed that for a one year lead on economic 
variables, the highest correlation coefficient is 0.95, relating engineering 
graduates of one year with those of the preceding year. In other words, the 
best correlation of engineering graduates is with those for the preceding year. 
(The column marked “Graduates-Current"” refers to graduates for the same year 
as the data on economic variables. ) 

Using these correlation coefficients, the coefficients for the regression 


equation are found as follows:3 


oB =r = 0.95 (Current graduates) 
ite 'ol12 

0 By = +622 = .95(-.18) = .00 

0 By @ «s'J9 - 095(-.77) = -.04 

o B, = 41 - .95( .41) = +.02 

ie) Br = «16 - -95( -23) = -.06 

0 By = -.91 - .95(-.95) = -.Ol 

0 By = -.17 - -95(-.10) = +.07 

0 Bg = .88 - .95( .89) = +.03 

ie) Byi= 2 - 95 ( 2%) = +,11 


OBy, = %27 = Olt (Enrollment ) 
Regression equation is: 


E.G. = (0.95) (Grads. of prec. year) + (0.11) (Enrollment) 


The results from this equation are illustrated in Fig. l. 
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; Fig. 1 
One year lag for economic variables ~~ 
for the dependent variable and 
ho lag for the independent 1 
variable. 
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The correlation coefficients for 2, 3, and 4 year lags and the corre- 


sponding calculations of regression coefficients follow: 


Calculations for 2 y ar lead 


© Big = To10 = 0.96 (Prev. year graduates) 


~.15 -.96(+.22) 


oO 

w 
18) 
u 


0 Bz = -.66 -.96(-.75) 
OB, = 47 +.96( .41) 
OB, = .22 ~.96( 416) 
0 Be = -.82 +196(4491) 
0 By = -.1l ~-.96(-.17) 
0 Bg = +.87 -.96( .88) 
o By 4 +.83 -.96( .82) 
0 Byp= +81 -.96( .95) 


oO 
td 
i 
{ 


ie) Bo = 06 ~.07(+.59) 
o B3 nig +06 ~.07(-.41) 
0B, = .07 -.07( .80) 


0 Bz = 0.09 (Wholesale Price Index) 


Regression equation is: 


Graduates = (Grad. of preceding year) 


tt 


+05 
+,.05 
+02 
+04 


-.l0 


= 0.07 (National Income) 


+.02 
+,09 
+01 


(National Income) (0.07) + (Wholesale 


Price Index) (0.09) 


The results from the preceding regression equation are 


illustrated in Fig. 2. 
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Fig.2 
Two year lag for economic variables 
for the dependent variable and one 
year lag for the independent yariable. 
Predicted from regression equation: 
EG: =(0.96)(Preceding graduating class) 
+(0.07)( National Income) +(0.09) 
(Wholesale Price Index) 
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Calculations for 3 year lead 


© By = Tog = 0.97 (Prev. year graduates) 


© By = -.01 -.97(-.15) = +14 
0 Bz = ~.61 ~.97(-.66) = +.03 
OB, = D7 -97( 47) = +11 
OB, = «37 -.97( .22) = +416 
0 BE = +77 -097(-.82) = +.03 
0 Bz = .0 -.97(-.11) = +.16 
0 Bg = .87 -.97( .87) = +.03 
oO Bio= +91 --97( 95) = -.02 
0 Byy= -84 -.97( .63) = +.03 
© Byo= 8 -.97( .81) = +.06 


o By = 0.16 (Production Index) 
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0 Bo = lh -.16(..88) = .14 -.14 
o B, = 11 -.16( .80) = .11 -.13 = -.02 
0 By = +16 =.16( .80) = «16 -.13 = +.03 
0 Byo= +06 -.16( .23) = .06 ~.0h = +,02 


Regression equation is: 
Graduates = (0.97) (Graduates of prec. year) + 
(0.16) (Production Index) 


The results from this equation are illustrated in Fig. 3. 
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Fig. 3 
Three year lag for economic variables 
for the dependent variable and two 
year lag for the independent yariable. 
35 Predicted from regression equation: 
E.G =(0.97) Preceding graduating class) 
+ (0.16)( Production Index) 
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Calculations for Graduates - 4 year lag 


= 0.97 (Previous Graduating Class) 


0 Bo = 408 -(.97)(-.01) = .09 
o B3 = -.58 -(.97)(-.61) = .O1 
oB, = .60 -(.97)( 57) = 6 
0B, = 4h -(.97)( 37) = 08 
0 Bo = -.76 -(.97)(-.77) = --01 
OB, = 18 -(.97)( .05) = .13 
o Bg = .87 -(.97)( 87) = .02 
0 Bg = .92 -(.97)( .97) = -.02 


0 Bye «86 -(.97)( «91) = -.02 
6 By3= 678 -.97(.84) = =.04 
0 Byp= «83 -.97(.85) = +401 


0 By = 0.13 (Dow-Jones averages) 


0 By = 209 ~.13(.79) = 09 -.10 = -.01 
ie} By = ep) aki ew ke, ad 05 -.10 = =, 


o Bs ~.13(.80) = .08 -.10 = -,02 
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° 
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Regression equation is; 
Graduates = (0.97)(Graduates of prec. year) 
+ (0.13)(Dow-Jones Averages) 
Results from this regression equation are illustrated in 


Fig. 4. 
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Fig.4 
Four year lag for economic variables 
for the dependent variable and 
three year lag for the independent 
variable. 


Predicted from regression equation: 


E.G: =(0.97\Freceding graduating class) 
+ (0.13) Dow- Jones Averages) 
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Calculations for 1 year lag for Economic Variables 


0 Bg = r 4g = 0.88 (Govt. N-W Exp.) 


© By = -.22 -(.88)(-.12) = -.11 
0 By = =.75 ~(.88)(-.54) = -.27 
oB, = 41 -(.88)( .30) = .15 
OB; = 016 -(.88)( .25) = -.06 
0 Bg = -.91 -(,88)( .81) = -1.62 
© By = ~.17 -(.88)(-,11) = -.07 


o Bz = 0.15 (National Income) 


Regression equation is: 
Graduates = (0.88)(Govt. Non-War Expenditures) + (0.15) 
(National Income) 


Results from this regression equation are illustrated in Fig. 5. 
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One year lag for economic variables, 


Predicted from regression equation: 
E.G.= (0.88)(Gov't. Non- War Expenditures) 
+ (0.15)( National Income) 
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Two-year lag for economic variables 


fe) Bg = £ 08 = 0.87 (Govt. N-W Exp. ) 


2 


© Bo = =.15 -.87(-.12) 
o Bs = -.66 -.87(-.54) = -.19 
® 0B, = .47 -.87( .30) 
0B, = .22 -.87( .25) = 0 
~.82 -,87( .81) 


o B, = -.11 -.07(-.11) 
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o B, = 0.21 (National Income) 


Regression equation is; 
E.G. = (0.87) (Govt. Non-War Exp.) + (0.21) 
(National Income) 
Results from this regression equation are illustrated in 


Fig. 6. 
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Three-year lag for economic variables 


Yo8 = 0.87 (Govt. Non-War Exp.) 


tt 


° Bg 


° Bo = -,01 -.87(-.12) = +.10 
0 Bz = ~.61 -.87(-.54) = +.14 
oB, = 97 -.87( .30) = +.31 
° Ba = .37 -.87( .25) = +.15 
° Be = -.77 --87( .81) = +.49 


oB, = .05 -.87(-.11) = +.15 


0.31 (National Income) 


Oo 

td 
E 
it 


it 


0 Bp = .10 -.31(.59) = -.08 


«10 


0B, = 15 ~.31(.80) = 


° Bo = 15 ~-.31(.73) = +.08 


Regression equation is: 
E.G. = (0.87) (Govt. N-W Exp.) + (0.31) (National 
Income ) 


Results from this equation are illustrated in Fig. 7. 
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Four-year lag for economic variables 


rog = 0.87 (Govt. Non-War Exp.) 


© Bg 


0B) = .08 -.87(-.12) = .18 
0 B3 = + .58 ~.87(-.54) = -.11 
o B, = 60 -.87( .30) = .34 
oB = th -.87( .25) = .22 
0 Be = -.76 -.87( .81) = -1.47 
0 Bz = 18 -.87(-.11) = .28 


o B, = 0.34 (National Income) 


0 By = 18 -.34( .59) = -.02 
OB; = .22 -.34( .80) = -. 
OB, = 28 -.34( .73) = +403 


Regression equation is: 
Graduates = 0.87 (Govt. Non-War Exp.) + 0.34 
(National Income) 


Results from this equation are illustrated in Fig. 8. 
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Predicted from regression equation: 
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Calculations - xX, - Graduates - 2 yr. lead 


b Ba ® Sh 0.91 (Graduates 1 year lead) 


6 Bz = .67 -.91(.85) = -0.10 
6 B, = .90 -.91(.92) = +0.08 
6 B, = .51 -.91(.51) = +0.0h 


to) By 046 -.91(.49) = +0.01 


$B, = 40 -.91(.23) = +0.21 
> Bg = .30 -.91(.19) = +0.18 


288 -.91(.88) = +0.08 


% Bo 


Significant B's are > By» > Bos > Ba, and $Bo. The highest 


Be = 0.21. Hence; 
b By = 0.21 (wholesale price index) 
i) By = 08 ~.21(.39) = 0.0 


018 -.21(.29) = +0.12 


$ Ba 
> By 


i 


.08 -.21( pei) = +0,04 


Significant B is ¢ Bg = 0.12 (Dow-Jones Averages) 


Regression equations is: 


Graduates (2 year lead) = (0.91) (Graduates 1 year 


lead) + (0.21) (Wholesale Price Index) + (0.12) 


(Dow-Jones Averages) 
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<0 9 (De 


SEO = (C8 )ESee Ble 
| MeO+ = C156)19.~ 80, 


mis 
€ Two year lead 


Predicted Actual 
fe) 722=(.91)(-1418)+(.21)(+2.84)+(.12)(-1.19)= -1.08 +0.60 -.14 = -0.62 9300 7500 


723=( 191)(-0.88)+( .21)(+0.23)+(.12)(-1.26)= -0.80 +0.03 -.15 = -0.92 7300 7200 
g2k=( .91)(-0.83 )+( .21)(+0.05 )+(.12)(-0.90)= -0.76 +0,01 -.11 = -0.86 7600 8000 
725=( 491)(-0.75 )+(.21)(+0.28)+(.12)(-0.70)= -0.68 +0.06 -.08 = -0.70 8800 7800 
726=( 491) (-0.80)+( .21)(+0.17)+(.12)(-0.66)= -0.73 +0.04 -.08 = -0.77 8200 7600 
@ 227=( .92)(-0685 )+( 021) (40.43 )+(.12)(+0.02 )= -0.78 +0.08 - 0 = -0.70 8800 7800 
7,28=(.91)(-0.80)+( .21)(+0.24)+(.12)(+0.53)= -0.73 +0.05 +.06 = -0.62 9300 7900 
729=(.91)(-0.78)+( .21)(+0.01)+(.12)(+0.94)= -0.71 +0 +.10 = -0.61 9400 7800 
7,30=( 91) (+0.80)+( .21)(+0.09)+(.12)(+1.91)= -0.73 +0.02 +.23 = -0O.48 10300 7700 
731=( +91) (+0.83 )+( .21)(+0.01)+(.12)(+2.08)= -0.76 +0 +.25 = -0.51 9600 9200 
7.32=( .91)(-0.50)+( .21)(-0.41)+(.12)(+1.06)= -0.46 -0.08 +.23 = -0.41 10800 10700 
g33=( «91)(-0.17)+( .21)(-1.06)+(.12)(-0.92)= -0.16 -0.22 -.11 = -0.49 10400 11300 
z3t=(.91)(-0.05 )+( 621) (-1.4+)+(.12)(-1.84)= -0.05 -0.30 -.22 = -0.57 9700 12000 
739=( -91)(+0.11)+( .21)(-1.36 )+(.12)(-1.60)= +0.10 -0.28 -.19 = -0.37 11200 11600 
736=( .91)(+0.03)+(.21)(-0.94)+(.12)(-0.70)= +0.02 -0.20 -.08 = -0.26 11800 11200 
737=( .91)(+0.05 )+( .21)(-0.71)+(.12)(-O.44)= -0.04 -0.15 -.05 = -0.24 12000 11400 
738=(.91)(-0.02)+(.21)(-0.68)+(.12)(+0.70)= -0,01 -0.14 +.08 = -0.07 13100 11600 
739=( 91) (+0.03 )+( .21)(-0.41)+(.12)(-0.01)= +0.02 -0.08 +0 = -0.06 13200 13300 
74+0=( .91)(+0.38)+( .21)(-0.79)+(.12)(-0.34)= +0.35 -0.17 -.0h = +0,24% 15400 15100 
gti=(.91)(+0.78)+( .21)(-0.83 )+(.12)(+0.17)= +0.71 -0.17 +.02 = +0.56 17500 15200 
7t2=(+91)(+0.81)+( .21)(-0.79)+(.12)(-0.05)= +0.74 -0.17 + 0 = 40.57 17600 16000 
743=( 91)(+0.99 )+(.21)(-0.37)+(.12)(-0.22)= +0.90 -0.08 -.04 = +0.78 19200 15300 
@ 22 =(.91)(+0.83 )+(.21)(+0.20)+(.12)(-0.53)= +0.76 +0,0h -.06 = 40.74 18700 13500 
g5=( 291) (+0.43 )+( .21)(+0.39)+(.12)(+0.12)= +0.39 +0.08 +.01 = +0.48 17100 8500 
g'46=( 691) (-0.65 )+( .21)(+0.43 )+( .12)(+0.48)= -0.59 +0.09 +.06 = +0.74 18700 11500 
g#T=( 91)(+0.01)+( .21)(+0.51)+(.12)(+0.89)= +0.01 +0.10 +.10 = +0.21 15200 18500 

— ghB=( 91) (42.07 )+( 021 )(+1.23 )+(.12)(+1.21)= +1.89 +0.26 +.15 = 42.30 29700 27500 
gh9=(.91)(+3.50)+( .21)(+2.76 )+(.12)(+1.21)= +3.20 +058 +.15 = +3.93 41000 41800 


750=( .91)(+4.02)+( .21)(+3.33 )+(.12)(+1.21)= +3.67 +0.70 +.15 = +4.52 45200 — 
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| Graduates: Actual and Predicted 


Predicted from regression equation: 


Gradvuates= 


(0.91) (Graduates | year lead) 


+ (0.21) (Wholesale Price Index) 
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An Electronic Volume Counter 


By D. L. Gerlough (Jun. Mem., ITE) 


Assistant Engineer, Institute of Transport and Traffic Engineering, 
University of California 


FOUR-LANE electronic volume counter has been de- 

veloped recently by the Los Angeles office of the 
Institute of Transportation and Traffic Engineering for use 
in its research studies. This counter is quite advantageous 
in that the equipment need not be located at the side of the 
road, but may be located some distance away, using wires 
to connect it with the roadway detectors. During a recent 
series of tests in Los Angeles, telephone lines more than 
eight miles long were used for transmission. 


The unit is composed of four separate electronic cir- 
cuits which operate four electromagnetic counters; each cir- 
cuit contains provision for dividing the number of axles 
by two. Provision has been made so that the four-lane 
counter can be operated in conjunction with the Vehicle 
Speed Distribution Recorder previously described." With 
this arrangement, the counter registers the volume in each 
lane continuously, while speed is being measured in one 
lane by means of the Speed Distribution Recorder. Such 
information is useful to traffic engineers and to enforcement 
authorities in studying lane utilization, enforcement needs, 
congestion, etc. Figure 1 shows how a tap switch is provided 
in order to select the lane in which speed is to be measured. 


The detector used to actuate this counter is the Institute's 
detector recently described before the Highway Research 
Board.” By connecting together appropriate segments of this 
detector it is possible to provide pickups for individual 
lanes and at the same time to minimize double recording 
of vehicles straddling the lane markers. When speeds are 
to be measured, two detector strips must be provided, while 
with volume alone only one detector is required. Figure 2 


TOPSPEED 
OISTRIBUTION REGORDER 


SCHEMATIC 


DIAGRAM 


4 LANE ELECTRONIC COUNTER 


Fig. 1 
Interconnection of Four-Lane Counter and Speed Distribution Recorder. 
The input from each lane is connected directly to the electronic counter 
for that lane. By means of a tap switch, the speed distribution recorder 
can be connected to any lane. 


1“Applications of Electronic Techniques to Trafhe Instrumen- 
tation,” by Robert Bromberg and D. L. Gerlough. Proceedings 
of the Highway Research Board, Vol 28, pp. 348-353. 

2-4 Segmented Electrical Element for Determining Vehicular 
Traffic” by J. H. Mathewson, R. Brenner, R. J. Reiss. Presented 
at the 29th Annual Meeting of the Highway Research Board, 
Washington, D. C., December 16, 1949. 


Reprinted from September, 


shows the arrangement of pickups recently used on one- 
haif of Wilshire Boulevard in Los Angeles, at a point where 
Wilshire is essentially a freeway. 


Figure 3 is a photograph of the counter and its separate 
power supply. The present power supply is operated from 
the 110-volt alternating current supply. The Institute ex- 
pects within the near future to construct a modified version 
of this counter which will have facilities for periodicaily 
recording the count on a paper tape and which may be oper- 
ated either from a 6-volt d-c source or from a 110-volt 
a-C source. 4 
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Fig. 2 


Arrangement of Detectors on south side of Wilshire Boulevard. By a 
combination of active and inactive sections it is possible to minimize 
the misses and for double counts of cars straddiing the lane markers. 


Fig. 3 
The Four-Lane Counter and Its Separate Power Supply 


1950 TRAFFIC ENGINEERING 


Reprinted from JoURNAL or Appriiep Puysics, Vol. 21, No. 5, 468, May, 1950 


Copyright 1950 by the American Institute of Physics 
Printed in U. S. A. 


Errata: On the Diffraction of an Electromagnetic 
Wave through a Plane Screen 


[J. App. Phys. 20, 760 (1949)] 
J. W. MILEs 
Department of Engineering, University of California, Los Angeles, California 


HE scattering cross section for plane, electromagnetic waves 
normally incident upon a circular aperture in an infinite, 
plane, perfectly conducting screen given by us in a recent paper! 
was calculated erroneously. This error, in turn, was due to an error 
in the computation of the aperture susceptance (B). The results 
have been recalculated, and Figs. 9 and 10 in the original paper 
should be replaced by those given here. 

The error in our calculations was brought to our attention by 
Professor Harold Levine (Harvard University), who has carried 
out similar (variational) calculations,? using as first and second ap- 
proximations to the aperture field [1—(r/a)? ]}# and Ai[1—(r/a)?}! 
+A.[1—(r/a)?}, respectively. Our calculation, which uses the 
static approximation [1—(r/a)? ]} for the leading term for small Ba 
and the incident field for the remaining terms, does not predict the 
first maximum of the scattering cross section as accurately as that 
of Levine. (We obtain (7/10) max= 1.63 at Ba=1.5; Levine obtains 
(T/T 0) max=1.78 at Ba=1.4.) But it is somewhat more accurate 


Fic. 9. The conductance 
and susceptance of a circu- 
lar aperture for normal inci- 
dence of a plane, electro- 
magnetic wave. 


RAYLEIGH | 


VARIATIONAL 


Fic. 10. Scattering cross 
section (relative to geo- 
metric) of a circular aper- 
ture for normal incidence of 
a plane, electromagnetic 
wave. 


(relative to Levine’s first approximation) for large 8a, all of which 
is as should be expected from the nature of the field approxi- 
mations. 

Two other errors in the paper should be pointed out. Equation 
(86b) should have read 

oo (—)™(Ba)2"1 
Bape) 2 (2m+2) 0 (m+ 3) P 

(This error was typographical and not connected with the calcu- 
lations.) Moreover, contrary to our statement, Magnus? did solve 
the integral equation which he formulated for the Sommerfeld 
problem,’ and we should have stated merely that his solution was 
not as direct as the Wiener-Hopf approach. 


— (31 /8Ba). (86b) 


1J. App. Phys. 20, 760-771 (1949), 

2 Progress Report 6, Cruft Laboratory, Harvard University, Contract 
N5-OR1-76 (January 1, 1948). 

3 W. Magnus, Zeits. f. Physik 117, 168 (1941). See also W. Magnus and F. 
Oberhettinger, Formulas and Theorems for the Special Functions of Mathe- 
matical Physics (Chelsea Publishing Company, New York, 1949), pp. 
142, 143. 
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Exercise Treatment for the Frozen 


Shoulder 


Hyman Jampol 


The term “frozen” to describe a shoulder joint 
with limited motion has had wide usage. Dorland’s 
medical dictionary defines a frozen shoulder as “‘a 
disability of the shoulder joint due to fibrositis 
and characterized by limited abduction and rota- 
tion of the arm.’’ Codman described it as ‘‘a condi- 
tion in which the axis of the shaft of the humerus 
is nearly at right angles to the axis of the spine of 
the scapula, and remains so, no matter in what 
direction the arm is moved.” The frozen shoulder, 
according to Mosely, is one in which all movements 
at the gleno- and acromiohumeral joints are abol- 
ished, although motion of the upper limb on the 
trunk is still present, occurring through movements 
in other joint areas. 

Storms emphasizes the limitation of motion pres- 
ent in this condition, and also points out that 
there is an abnormality of the cuff muscles and 
painful spasm in the spinati, pectoral, latissimus 
dorsi, and rhomboid muscles. The clinical picture 
of the chronically frozen shoulder, as described 
by Behrend, is evidenced by limitation of motion 
and symptoms of an abduction or adduction con- 
tracture. “The movements of internal and external 
rotation, of abduction and adduction, and of cir- 
cumduction are impaired. In extreme cases no 
glenohumeral movement exists. Pain may exist 
on a slight touch of the joint, on certain or all 
motions of the joint, or on attempts to move the 
joint passively. The pain may vary from mild to 
excruciating, which deprives the patient of his 
sleep and generally causes a debilitated condition. 
There is usually pain in the muscles surrounding 
the joint.” ‘ 

Although there is agreement among most ob- 
servers as to the clinical symptoms of the frozen 
shoulder, the exact causes of the limitation of 
motion are controversial. There are those who 


Abstracted from a Master’s thesis completed at Stanford Univer- 
sity, Division of Physical Therapy, in March, 1950, entitled ‘‘The 
Exercise Program for the Shoulder with Limited Motion.’’ The 
entire work may be borrowed through any university or public 
library by addressing Interlibrary Loan, Stanford University. 


believe that adhesions are the sole cause, while 
others attribute it to various other mechanisms. 

In 1872 Duplay described periarthritis and re- 
corded the presence of adhesions within the sub- 
acromial bursa. (Lippman is of the opinion that 
Duplay referred to what today is called the frozen 
shoulder.) Codman listed adhesions as the primary 
cause of limitation of joint motion. Among these 
were adhesions between the bicipital groove and 
the tendon of the long head of the biceps, and 
adhesions in the extension of the joint underlying 
the infraspinatus and subscapular muscles. Mum- 
ford and Martin explained the marked loss of 
function of severe painful shoulders as being due 
to adhesions but did not specify their location. 
According to Watson-Jones, limitation of move- 
ment by muscle guard rapidly progresses to limi- 
tation by adhesion formation, and in severe cases, 
generalized adhesions of the whole pericapsular 
tissue lead to a frozen shoulder. Engelman_be- 
lieves that there are adhesions of the folds of the 
inferior aspect of the relaxed capsule, in addition 
to adhesions of various other surfaces about the 
head of the humerus. Inman is of the same opinion, 
and adds that the other adhesions are probably in 
the region of the superior aspect of the head, per- 
haps underneath the insertion of the rotator cuff. 

According to Baer, the cause of the limitation 
of motion is purely a mechanical one; the swelling 
of the subdeltoid bursa results in its inability to 
pass under the coracoacromial ligament during 
abduction. 

Buchholz believed that the stiffness is caused not 
so much by adhesions as by retraction of the mus- 
cles and periarticular structures. Sir Colin Mac- 
Kenzie was of the opinion that a stiff shoulder did 
not necessarily mean that adhesions in the joint 
were binding the head of the humerus to the 
glenoid cavity. He maintained that the two factors 
to be borne in mind are the adduction contracture, 
which is especially favored by gravity, and the 
weakness or paresis of the muscles which elevate 
the limb. 
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Magnuson analyzed the mechanical disadvan- 
tages of an adherent deltoid muscle. He showed 
how that muscle, which normally inserts down on 
the shaft of the humerus, becomes adherent to 
the greater tubercle of the humerus, thus reducing 
its leverage and its power. As a result, the great 
bulk of the muscle is being wasted, exerting a pull 
between two points on the humerus—namely, the 
head and the deltoid tubercle. 


Further causes are listed by other investigators. 
Lippman and Hitchcock and Bechtol are of the 
opinon that tenosynovitis of the long biceps tendon 
is a possible cause of the frozen shoulder. Inman 
also mentions myostatic contracture as a cause of 
the limitation of motion. King and Holmes believe 
that a relaxed capsule is a frequent cause of a 
stiff and painful shoulder. This is brought about 
by the pain produced when motions are attempted ; 
hence muscle guard and disuse are the contribut- 
ing factors. 

Dr. Bechtol explains that once the frozen shoul- 
der is established, the pathology is about the same 
in any case, involving an adherence and contrac- 
ture of the capsule in the inferior portion of the 
shoulder joint, probably associated with a mild 
static contracture of the various muscles of the 
rotator cuff. Further, adhesions which may arise 
in the subacromial bursa are probably producers 
of pain, but they are not important as causative 
factors of stiffness. 

How do these adhesion formations and muscu- 
lar contractures occur? What is the predisposing 
factor (or factors) which makes for their appear- 
ance? Again there are various opinions on these 
points. 

Any tissues making up the shoulder joint, if in- 
jured, can contribute to a frozen shoulder. Trauma 
to the joint can cause injury which, in turn, causes 
a frozen shoulder. Injury to joint cartilage may 
produce chondromalacia which, in turn, produces 
pain and immobilization leading to a frozen shoul- 
der. Muscle tears may produce a frozen shoulder. 

According to Wagner, the physiological process 
by which a shoulder becomes frozen by adhesions 
can best be summarized as follows: First, a degen- 
erative lesion of some sort must be present in order 
that adhesions form in the joint. This lesion makes 
for the production of fibrocytes which may form 
in the inferior capsular folds about the head of 
the humerus and about the bursae and the tissue 
surrounding it. These adult cells are non-elastic 
and the frozen shoulder results. If the shoulder 
complex has been injured severely enough so that 
edema occurs, the presence of the fluid, which is 
rich in protein, is an aid to adhesion formation. 


Many times the injury to the shoulder may go 
unnoticed, as in the case of a Colles’ fracture, 
where the patient has attempted to break his fall 
on his outstretched hand and extended arm. The 
patient’s arm is placed in a sling and cast and the 
shoulder is untreated. Perhaps six weeks later when 
the arm cast is removed, the patient is surprised to 
find that he has a stiff, painful shoulder. The rup- 
ture of some of the tissues within the shoulder 
joint has started the process and this, together with 
immobilization, has produced the frozen shoulder. 


Watson-Jones, in an excellent discussion of ad- 
hesions, states that joint stiffness after injury is 
due to the adhesions of the capsular plications, 
and this may result from the organization of any 
exudate in the periarticular tissues. 


Codman depicted the inflammatory reaction after 
calcified material has been forced into the bursa, 
adding that adhesions form as a result of the re- 
action. MacKenzie wrote that the possibility of a 
stiff shoulder following any injury or inflammation 
of the shoulder joint should always be borne in 
mind. He has seen it occur after rheumatic inflam- 
mation of the shoulder, fractures of the upper end 
of the humerus, falls on the shoulder, and after 
bullet wounds of the neck region and of the shoul- 


der joint, without much obvious injury to the — 


muscles. 


Any trauma about the shoulder region that pro- 
duces pain and causes the patient to hold the arm 
at the side for a considerable length of time may 
lead to a frozen shoulder. That a stiff and painful 
shoulder is seen, following trivial as well as severe 
injuries of the joint, is noted by Hammond. His 
findings show that a simple strain or contusion, 
resulting from blows or falls, may produce tears 
of the ligamentous attachments and effusion from 
the synovial membrane, or even injury to the joint 
cartilage, all of which would prevent a speedy 
return of function. In his opinion the dislocated 
shoulder is a common cause of the frozen joint, 
due to fixation and improper after-care. 

Steindler mentions the fact that contusion of the 
shoulder occurs with any gross injuries of the up- 
per extremity. When the patient recovers from a 
major injury, he gradually notices increasing symp- 
toms in the shoulder joint, which in time may be- 
come the outstanding feature of the whole complex. 

Gordon’s opinion is that a painful intra-, peri-, 
or extra-articular lesion of the shoulder will pro- 
duce a protective spasm of the muscles, thus con- 
trolling its movements; furthermore, if this spasm 
is maintained, contracture results. As an example 
of an extra-articular lesion which can produce a 
stiff shoulder he cites Colles’ fracture, a lesion 
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where there has been no injury directly to the 
shoulder. The patient attempts to immobilize the 
shoulder by holding the arm at the side. An ex- 
ample of a periarticular lesion is the simple, acute, 
subacromial bursitis. Here, if muscular spasm has 
prevented pain from movement in the shoulder, an 
impaired shoulder remains. This is due to muscle 
contracture, and pain is referred to the insertion 
of the deltoid muscle. 


A swollen bursa is listed as one of the causes 
of a shoulder with limited motion. Baer main- 
tained that the swollen bursa prevented all except 
the first ten degrees of abduction, due to its im- 
pingement against the coracoacromial ligament. It 
can be seen that the persistence of this condition 
would result in muscular contractures and _ still 
further limit motion in the joint. In addition, 
Baer describes the atrophy of the supraspinatus 
and infraspinatus muscles as “appreciable,” which 
in itself contributes to limitation of motion in the 
shoulder joint. 


Instances have occurred 
definitely no history of the injury to the shoulder 
itself and yet a stiff shoulder resulted. For instance, 
the forearm or hand may be injured, with the 
shoulder protected from all strain. Here the con- 
tributory factor is simply immobilization. This type 
of etiology results in a frozen shoulder for which 
there is a better prognosis than that accompanied 
by specific joint trauma. The stiffness results from 
the contracture of the periarticular structures which 
have not been used and tend to contract. For ex- 
ample, frozen shoulders are seen after heart at- 
tacks in which the patient has lain in bed for a 
period. 

In summary, various factors which may con- 
tribute to the condition commonly called frozen 
shoulder are: bursitis, cuff injuries, periarthritis, 
contusions, tenosynovitis, muscle tears, and long 
immobilization from any cause. As is readily dis- 
cernible, these processes are interrelated. Any one 
or a combination of these conditions can cause a 
frozen shoulder. 


Exercise Program 


_ The object of treatment of the frozen shoulder 
is to regain the full range of pain-free motion in 
~~ each direction. In 1932 Martin demonstrated that 
lateral or external rotation of the humerus was 
necessary for full elevation of the arm. It is now 
general knowledge that this external rotation of 
the humerus moves the greater tubercle posteriorly 
and thereby allows the head of the humerus to 
«glide under the acromion during elevation of the 
‘(humerus. The statement ‘“‘the essential object of 
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the treatment of the frozen shoulder is to regain 
the range of external rotation’’ emphasizes the 
principle that, unless external rotation is restored, 
there will be limitation in the degree of abduction 
or forward flexion possible. 


Watson-Jones has said that successful treatment 
of the stiff shoulder may be summed up in two 
words, active exercise. This of course is the opinion 
of one authority, but it has now become a primary 
method of treatment prescribed by many ortho- 
pedic surgeons for the alleviation of the frozen 
shoulder. Another physician has said ‘the most 
important treatment method of all (for the frozen 
shoulder) is active, voluntary motion, purposely 
made by the patient.’ Often no description of 
specific exercises desired is included in the pre- 
scription. However, it is possible with a knowl- 
edge of the functional anatomy of the shoulder 
complex to analyze the motions desired and to 
plan specific exercises carefully in order to achieve 
specific results. 


Three types of exercise procedures in the arma- 
mentarium of the physical therapist are: passive 
movement, active exercises, and forced motion. 
It is understandable that forced motion might be 
construed by some to be identical with manipula- 
tion, and as such is outside the realm of the phys- 
ical therapist. One point to the contrary is the fact 
that manipulation is usually carried out by the phy- 
sician under anesthesia, while forced motion, as 
performed by the physical therapist, uses no such 
measures. In using forced motion, the physical 
therapist attempts primarily to obtain normal 
muscle elongation and breaking up of minor ad- 
hesions. By comparison, the physician’s objective 
in manipulation is the breaking up of major joint 
adhesions. 

Before embarking on a description of various 
exercises, it is necessary to list a few principles 
which govern the administration of voluntary 
exercises : 


1. Complete arm elevation through 180 degrees 
can only be carried out with external rotation of 
the humerus; therefore, a primary object of active 
exercise is to regain the range of external rotation. 

2. In the early stages of treatment, elevation 
should be attempted in the sagittal plane rather 
than in the coronal. Elevation in the coronal plane, 
or abduction, may be attempted only after external 
rotation is free to some extent. 

3. The exercise should not be done at too slow 
a speed in the beginning. Progression should be 
toward slower exercises. 

4. The exercises should be done smoothly and 
without halting or jerking movements. 
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5. A sharp watch should be kept for substitution 
or trick movements on the part of the patient. 


6. The patient should not attempt any exercise 
which would reinforce faulty habit patterns, such 
as elevation of his shoulder during abduction of 
the arm. 


7. The use of resistance exercises is efficacious 
in obtaining the relaxing of the antagonists. This 
is based on Sherrington’s law of reciprocal innner- 
vation, and, inasmuch as part of the problem is a 
contracture of one group of muscles and a weak- 
ness of the opposing group, it can be seen that 
the encouragement of movements of abduction 
against resistance would help to relax the afore- 
mentioned contracted muscles. 


8. Wherever possible, apparatus may be used 
for resistance or holding in preference to manual 
resistance. The patient knows just to what extent 
the apparatus will go but may be unsure and wary 
of the hands of the physical therapist. 

9. The patient must be urged to practice active 
exercises for a few minutes hourly through the day. 

10. The patient’s tolerance to pain, his reaction 
to previous treatments, and his daily condition 
should be considered. 

11. The problem must be carefully explained to 
the patient and his cooperation obtained. The pa- 
tient’s mental attitude and cooperation is extremely 
important in the re-education of disordered skeletal 
function. (In fact, Mosely is of the opinion that 
often the mental development of the patient 
determines the end result obtained.) 


12. It must be remembered that one will en- 


counter uncooperative patients, ignorant patients, 
and patients subject to weather changes and oc- 
cupational strains, and the physical therapist must 
adjust and arrange the administration of the treat- 
ment according to the reactions that develop from 
these factors. 


13. The adjacent areas should be considered as 
well as the shoulder joint. 


MOBILIZING THE HEAD OF THE HUMERUS 


The first group of exercises are those aimed 
toward mobilizing the head of the humerus. Be- 
cause of the fact that in the frozen shoulder the 
head of the humerus is held high in the glenoid 
fossa, either by adhesions, muscle spasm, or muscle 
contraction, this first step is necessary. The proof 
of this fact can easily be seen on a patient with 
a frozen shoulder. Normal arm elevation produces 
a declevity on the superior aspect of the shoulder 
during abduction, and, during flexion of the hu- 
merus, this hollow is evident on the superior- 


posterior aspect of the shoulder. The patient with 
the stiff shoulder exhibits no such deformation as 
a result of the tight position of the head of the 
humerus. The declevities produced are a result of 
the downward motion of the humeral head during 
abduction and the backward and downward mo- 
tion of the head during flexion. This motion of 
the humeral head has been called by Mennell the 
“involuntary” motion of the joint, and he main- 
tains that voluntary joint motion, namely, flexion, 
extension, and so forth, cannot be performed until 
the involuntary motion is restored. This concept is 
the basis for the first group of exercises. 

These are performed in a position which relaxes 
the musculature of the area. They are called “pen-- 
dulum’”’ exercises. With the body erect, the upper 
limb hangs at the side, and if the body is bent 
forward with relaxed shoulder muscles, the limb 
hangs as a pendulum. It can and will swing as 
would a weight supported by a string if the body 
is swayed. This entails no muscular action of the 
shoulder muscles except suspension support. 


Figure 1. Illustrating the declevities produced on the 
superior aspect of the shoulder during arm elevation. 
These declevities are due to the downward motion of the 
head of the humerus during elevation of the arm. In 
frozen shoulder patients these cannot be produced. 
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1. Patient bends forward from the hips allow- 
ing the arm to hang down freely. He is then given 
a weight, varying from three to twenty pounds, 
which he grasps and allows to swing slowly for- 
ward and backward in the anterior-posterior plane. 
This motion is not to be accomplished by the shoul- 
der musculature; rather, a slight movement of the 
body starts the motion which continues almost by 
itself. It should be noted that the angle to which 
the trunk can bend may depend on tight ham- 
strings, and scapular limitation may prevent for- 
ward bending by causing pain as the humerus 
flexes. 

2. Patient assumes the same position as in the 
preceding exercise. Now the trunk is rotated 
slightly so that the arm swings from side to side. 

3. Patient, in the same relaxed position, moves 
the trunk so that the hand describes a small circle, 
gradually enlarging the circle to about eighteen 
inches in diameter. This is to be done in both 
clockwise and counter-clockwise directions. If the 
patient is able, he should supinate his hand at the 
lateral edge of the circle. For the home program 
the patient should perform the above exercises 
with a flatiron or some such object in his hand. 

4, Patient stands, arms at sides, a weight in 
each hand. He swings one arm across his body in 
front of him, at the same time swinging the other 
across his body behind him, taking care to see that 
the trunk does not rotate. 

It can be understood that the above exercises, 
combined with the tension exerted by the weights 
added, can serve a dual purpose. First, they serve 
as a passive stretch on the joint capsule, due to 
the weight plus the motion; and, second, they 
serve to mobilize the head of the humerus by pure- 
ly mechanical means. These exercises cause no pain 
and should be used whenever possible. Care should 
be taken not to keep the patient bent over for too 
long a period and to give him relief by removing 
the weight from his hand and having him stand 
erect periodically. Usually he can perform the exer- 
cise ten times without undue strain. Progression in 
these exercises can be accomplished by increasing 
the size of the arc or circle which the hand de- 
scribes, and by more repetitions with shorter or 
no rest periods. 


INCREASING THE RANGE OF EXTERNAL ROTATION 


These exercises may be done at the same time 
as the exercises for the mobilization of the head 
of the humerus, or they can be done after a period 
of time during which only mobilization exercises 
have been carried out. 


After some freedom (however slight) of the 
head of the humerus is evidenced, the next step 
is to increase the range of external rotation. That 
this is necessary has been shown previously, for 
complete elevation cannot be accomplished until 
rotation of the humerus is possible. 


The objectives of these exercises are: 


1. To increase the range of external rotation 
and stretch the tight musculature (ad- 
ductors and internal rotators of the hu- 
merus ) 

2. To increase the strength of the external 
rotator muscles 

3. To re-establish neuromuscular patterns of 
use and thereby re-establish the smooth, 
integrated “scapulo-humeral rhythm’’ 


1. Patient lies supine on plinth with elbows at 
his sides, flexed so that the hands point to the 
ceiling. Patient attempts to externally rotate the 
arm by pulling hands out to the sides toward the 
plinth. 


2. Patient stands with his back to the wall, el- 
bows at sides flexed ninety degrees. Palms facing 
ceiling. Patient attempts to pull hands toward wall, 
thus externally rotating the humerus. 


3. Patient lies supine on plinth with hands 
clasped behind his head and elbows forward. He 
then pulls his elbows toward the plinth. When 
this motion is extremely painful, it should be done 
against resistance given manually by the physical 
therapist. This makes use of the reciprocal inner- 
vation principle, and the patient often finds the 
exercise 1s no longer painful, or pain is decreased. 


4. Patient stands with his back to the wall with 
hands clasped behind his head and elbows for- 
ward. Patient pulls his elbows back toward the 
wall. , 


5. Patient stands with one hand on top of his 
head. He attempts to touch the opposite ear by 
reaching laterally over his head. The elbow should 
be kept well back if possible. 


6. Patient lies supine on plinth, holding one 
edge with hand of affected arm. Patient then rolls 
away from holding hand and returns. 


7. Patient stands with wand behind back, locked 
in both elbows, and elbows flexed to ninety de- 
grees. Externally rotate the arms and return. 


8. Patient stands facing stall bars. With elbow 
flexed to ninety degrees, the patient grasps rung 
with hand of affected arm, using underhand grip, 
and slowly turns away from the affected arm, tak- 
ing short steps, and returns. 

(Exercises with pulley weights can be attempted, 
after the patient has recovered some motion in the 
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joint and strength in the joint muscles, when more 
mobility of the joint is desired.) 

9, Patient stands with his unaffected side facing 
the pulleys. His affected arm is by his side with 
elbow flexed to ninety degrees. Holding the han- 
dle of the pulley with an underhand grasp, he 
externally rotates his arm and returns. 

10. Patient stands facing the pulleys, arms ab- 
ducted to ninety degrees, elbows flexed to ninety 
degrees, palms facing the floor. Patient grasps 
pulley handle with overhand grip and rotates 
humerus backward. Care should be taken to see 
that the rope of the pulley is not parallel to the 
floor but that the patient stands above the pulley 
so that the distance of the rope from the floor 
increases as it approaches the patient. This insures 
a steady pull through the full range of motion. 


INCREASING THE RANGE OF INTERNAL ROTATION 


In the last analysis, the function of the arm is 
to place the hand in a position of use. Therefore, 
even if full abduction is achieved, if the patient 
still cannot place his hand behind him, the total 
functional range has not been re-established. It is 
for this reason that the range of internal rotation 
must be increased to include these areas. 


Figure 2. Use of the wand to increase the range of inter- 
nal rotation and hyperextension. Top hand 


pulls the bottom hand up. 


The objectives of these exercises are: 


1. To regain the full range of internal ro- 
tation and stretch the tight structures in 
the area of the shoulder joint which may 
serve to limit rotation . 

2. To increase the strength of the internal 
rotator muscles 


One word of caution is necessary here. Due to 
the tightness of the internal rotators, these exer- 
cises should not be used until a fair range of 
external rotation is present. Otherwise a rein- 
forcement of faulty mechanics may occur. 


1. Affected arm is behind back, forearm supi- 
nated; hand grasps one end of wand which is held 
by other hand overhead. 

a) By use of wand, the lower hand is pulled 

up as far as possible. 

b) Now the lower hand pushes up, with the 

upper hand offering resistance. 


2. Wand behind buttocks is grasped in overt- 
hand grip by both hands. Bring wand wp along 
the back by bending the elbows and then return. 


3. Patient faces stall bars, grasping rung with 
affected arm about head height. With overhand 
grip, patient proceeds to walk under arm and 
return. Elbow should be kept straight. 


Figure 3. Here the wand is pushed up against the resist- 
ance of the upper hand. Again, internal rotation 
and hyperextension motions are improved. 
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Figure 4. The “London Bridge” exercise. View at left shows starting 
position, and the right-hand view shows the final position. This ex- 
ercise is excellent for stretching the scapulo-humeral musculature. 


4, Patient stands with one foot away from stall 
bars and back to bars. He grasps rung at hip height 
with both hands, using overhand grip. Patient 
does knee bends. These may be slight at first, 
progressing to deeper bends. 

5. Patient stands with his back to the pulleys, 
arms abducted to ninety degrees, elbows flexed 
ninety degrees, palms facing forward. Patient 
grasps pulley handles with overhand grip and 
rotates humerus internally. It may be necessary to 
stand behind the subject and support his elbows 
inorder to insure internal rotation in good align- 
ment. 


INCREASING THE MOBILITY OF THE 
SHOULDER GIRDLE 


Due to the inactivity of the affected arm, fre- 
quently the whole shoulder complex is limited in 
motion. As a result, exercises should be given to 
mobilize the girdle. These exercises, like the pre- 
ceding ones, are not specific. (Due to the close 
interaction of all the muscles and joints of the 
shoulder complex, it is impossible to isolate one 
single motion or muscle and work on it.) There- 
fore, exercises for mobilizing the shoulder girdle 
will, of necessity, include exercises for abduction 
and adduction. 

The objectives of these exercises are: 

1. To mobilize the shoulder girdle 
2. To strengthen the shoulder girdle mus- 
culature 


1. Patient stands with elbows flexed and hands 
on shoulders. He then flexes the humerus and re- 
turns it to position. Progression is to abduction in 


the coronal plane. The scapula must not be allowed 
to elevate abnormally. 

2. Patient stands, hands clasped behind neck, 
elbows forward. The elbows are pushed forward, 
abducting scapulae. The same exercise can be 
done with the patient supine. This aids in freeing 
the scapula and stretches the posterior shoulder 
muscles. 

3. Patient either stands or lies supine. He shrugs 
his shoulders. Progression can be accomplished by 
having patient stand with weights in either hand 
and shrug. This exercise aids in mobilizing the 
shoulder girdle and, if done with weights, offers 
a passive stretch to the structures holding the hu- 
meral head high in the glenoid fossa. 

4. Patient, on hands and knees, places his hands 
further and further away from his knees. 

5. Wand is grasped with overhand grip, arms 
flexed to ninety degrees. With elbows strazght, the 
wand is pushed away from the body, abducting 
the scapulae. Wand is then pulled to the body, 
adducting the scapulae. 

6. a) With one end of the wand in the palm 
of the hand of the affected arm and the other end 
held in the other hand, patient pushes down, giv- 
ing traction to the affected side. 

b) With traction now established, he proceeds 
to push the affected arm through the first ninety 
degrees of elevation (abduction and flexion), tak- 
ing care to keep the pressure constant and the 
hand supinated as much as possible. 

c) Exercise is repeated, continuing on through 
full range of abduction. 
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Figure 5. The use of the wand for self-applied traction. 
The right hand is giving traction to the left during at- 
tempted abduction of the left arm. This exercise is valu- 
able as a mobilizing agent and as an aid to reducing 
pain during arm motions. The affected arm should be 
externally rotated during this exercise. 


7. Patient stands, hands at sides, grasping wand 
with an overhand grip (dorsum of hand anterior). 
He flexes the arms to the overhead position and 
then drops the wand behind the neck. From here, 
he returns to the overhead position and down to 
starting position. 

8. With patient’s affected side facing stall bars, 
bar 1s grasped at shoulder level with underhand 
grip, forearm along the other rungs. (Forearm 
perpendicular to floor.) Patient does knee bends, 
doing all the work with his legs and not pulling 
with his arms. Grip is raised at end of series. 

9. Facing stall bars, hands grasp rung with 
overhand grip at shoulder height. Patient does 
knee bends, progressively raising hands to next 
rung at conclusion of series. Care should be exer- 
cised here to see that the patient does the motion 
with the legs while the arms are just supported. 
No force is to be exerted at the shoulder joint. 

10. With patient’s affected side facing stall bars, 
rung at shoulder height is grasped with hand of 
affected shoulder, using overhand grasp. With el- 
bow straight, body turns toward elbow. 

11. With back to stall bars, patient grasps rung 
closest to his head with both hands, using under- 
hand grip, flexes knees, and returns to position. 

12. Patient stands facing pulley weights. 

a) With the arms flexed to ninety degrees 
and using the overhand grip, he pulls 
the handles of the pulleys down to his 
sides, keeping the elbows straight. 


b) With his arms at ninety degrees of flex- 
ion and grasping the handles with an 
overhand grip, patient flexes his elbows 
and abducts his scapulae. His arms must 
be kept parallel to the floor. 


13. Patient stands with his back to the pulleys, 
hands at his sides, grasping the handles with an 
underhand grasp. 

a) He then flexes his arms to the horizontal. 

b) Same exercise as 2a, but with overhand 
stip 

c) Patient stands with his back to the pul- 
leys, arms abducted to ninety degrees, 
elbows extended, palms facing forward. 
He then pulls the handles forward until 
they meet at the midline of the body at 
eye level. Care is taken to keep the el- 
bows straight. 


A few “‘tricks’’ are sometimes valuable to have 
in one’s armamentarium. They may perhaps be 
of value in some instance where all else fails, and 


may mean the difference between success and 


failure with a patient: 

If the patient is disturbed because he is unable 
to move his arm, have him bend forward, allow- 
ing his arm to hang down; then have him swing 
the arm pendulum-fashion in an anterior-posterior 
plane. At the peak of his anterior swing, catch his 
hand, hold him in that position, and have him 
stand erect; lo, his arm is now elevated to about 
ninety or a hundred degrees. 

If it is possible to get the patient to concentsate 
on some other part of the body during exercises 
it will be of great assistance. For example, have 
him do knee bends with his hands resting on the 
stall bars. He invariably complains of the strain 
on his quadriceps, forgetting at the time that his 
arm has been elevated past its usual range. 

In order to assist the depressors of the head of 
the humerus, the therapist can hold the head down 
manually while the patient voluntarily elevates 
his arm. 

In addition to self-traction with the wand, self- 
traction can be applied by the patient merely by 
having him pull his affected arm with his good 
hand. 

Much has been said in this work concerning the 
necessity of securing external rotation of the hu- 
metus before attempting abduction. This is an 
extremely important concept in the planning of 
an exercise program for a patient. 

First, external rotation is necessary in order that 
the greater tubercle of the humerus slide easily 
under the acromion. If this is not possible, the 
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range of abduction is limited and pain is produced 
when the patient attempts abduction. 

Second, with the weakness of the external ro- 
tators (which is present in a stiff shoulder), the 
placing of the arm in external rotation places the 
tendon of the long head of the biceps in a most 
advantageous position to assist the weak functional 
group in keeping the head of the humerus down 
in the glenoid. 

Last, the constant placing of the arm in external 
rotation will serve to develop the weak external 
rotators and, in so doing, strengthen them much 
sooner, so that they may reach the point at which 
they can once again take over their function as 
depressors of the head of the humerus. 

Of much value and practicality is the large strap 
whose use is advocated by Furscott. This is a web- 
bing strap about two inches in width and about 
ten feet long, with a buckle on one end. With the 
patient standing, the strap is placed around the 
humerus just above the insertion of the deltoid 
muscle. It is then run under the contralateral foot 
of the patient and cinched up tight. As the patient 
voluntarily abducts his arm, the strap acts as an 
assistant to the depressors of the humerus by me- 
chanically holding the head of the humerus down. 
The fact that the patient is in complete control of 
the tension at all times makes for relaxation, and 
the device functions very well. In addition, it can 
be used in exactly the same way with the patient 
lying supine on a plinth. Here gravity is “elim- 
inated” and pain is minimized. 

Another device, which is of recent origin and 
is being used extensively by its originator, is the 
swinging beam, capable of being loaded on either 
end with graduated weights. This is Dr. Storms’ 
design. Since the function of the rotators of the 
humerus is to hold the head of the humerus in the 
glenoid fossa and thereby allow the deltoid muscle 
to lever the arm up, it is essential that these ro- 
tators be strong before abduction exercises are 
started. If they are not sufficiently strong, the del- 
toid muscle will only force the head of the hu- 
merus up against the acromion and produce fur- 
ther trauma. Storms found in a number of his 
cases that the rotators were not sufficiently strong 
to swing the beam, unloaded. After an exercise 
regimen, during which the external rotators are 
strengthened to where they can swing the beam 
with fifteen pounds or more loaded on it, the 


ability to abduct the arm returns. The deltoid is 
now able to lift the arm into full abduction. 

In summary, an exercise program for the treat- 
ment of the stiff shoulder should have specific ob- 
jectives. Exercises given have been divided into 
categories which parallel the sequence of treat- 
ment. Of first importance are the exercises in the 
first group, exercises for the mobilization of the 
head of the humerus. Following those come, in 
order, exercises to increase the range of external 
rotation, exercises to increase the range of internal 
rotation, and exercises to increase the mobility of 
the shoulder girdle. From these groups, exercises 
which are applicable to the particular case can be 
chosen and varied as desired by the physical 
therapist. 
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Experience Credit Toward the Professional Engineer’s 
License for Technical Institute Study * 


By HAROLD P. RODES 


Stimulated in 1929 by the Wickenden 
report on engineering education, which 
ineluded a major section on technical in- 
stitute training, the tie between profes- 
sional engineering and the technical in- 
stitute type of engineering education has 
been becoming gradually closer and more 
friendly. Some of the tangible evidences 
of this relationship are the establishment 
of the Technical Institute Division of the 
American Society for Engineering HEdu- 
cation and the Subcommittee on Technical 
Institutes of the Engineers’ Council for 
Professional Development. Just as the 
medical profession, for example, recog- 
nizes that its effectiveness is due partially 
to the quality of its nurses and medical 
assistants, so does the engineering pro- 
fession now recognize in the main that 
its effectiveness is due partially to the 
quality of its technicians and engineering 
aides. 

We know, of course, that this improved 
relationship is not free from areas of 
irritation to the engineer and the tech- 
nician, both in industry and in education. 
Some of the basic problems which re- 
main to be solved include the lack of 
agreement on terminology, the difficulties 
encountered in the transfer of technical 
institute graduates into a professional en- 
gineering curriculum, and the establish- 
ment of a general policy concerning the 
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granting of experience credit for technical 
institute training toward the professional 
engineer’s license. For the purposes of 
this discussion we shall limit ourselves to 
the last of these problem areas. 


Results of Survey of State Policies 


Several months ago Dean L. M. K. 
Boelter requested the Executive Secretary 
of the National Council of State Boards 
of Engineering Examiners to undertake 
a survey of the practices employed in 
the various states with respect to the 
granting of experience credit for training 
of technical institute type. Accordingly, 
each member state was asked to indicate 
whether or not it gives experience credit 
for training received in ECPD aceredited 
technical institute curricula. 

The replies were extremely interesting 
for several reasons. They indicated not 
only a wide variation in practice from one 
state to another, but in several cases a 
complete lack of understanding of the 
question. 

A tabulation of the replies received to 
date shows that six of the thirty-two 
states replying grant full experience 
credit toward a professional engineer’s 
license for ECPD accredited technical in- 
stitute training; seven states grant no 
credit; six states grant partial credit; the 
boards of five states have not yet decided 
upon a policy for granting credit; five 
states answered the question as relating 
to ECPD accredited “engineering” cur- 
ricula; and three states frankly admitted 
that they did not understand the question. 
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If the states replying with an un- 
equivocal answer can be taken as an 
adequate sampling, it would appear that 
the boards in approximately one-fourth 
of the states are granting full experience 
eredit for ECPD accredited technical in- 
stitute training toward the professional 
engineer’s license; that about one-fourth 
are granting no credit whatsoever; that 
another fourth are granting partial 
eredit; and that in the final fourth the 
state boards have not yet considered the 
problem. However, in addition to this 
last fourth it is apparent that many other 
states have made their decisions in this 
matter tentative and subject to change 
on the basis of additional evidence and 
argument. 

Although it is not the purpose of this 
paper to launch a crusade for complete 
standardization in the acceptance of ex- 
perience credit for technical institute 
training, I do believe that it is somewhat 
embarrassing and difficult for the engi- 
neering profession to explain why the 
licensing boards in some states grant full 
credit while the boards in other states 
grant no credit for ECPD accredited 
technical institute training. 

Before describing the policy which, in 
my opinion, represents the most rational 
and realistic approach to this problem, it 
might be well to review briefly some of 
the arguments which have been advanced 
by the two extremes mentioned previously. 
The state boards which grant full credit 
have proceeded on the assumption that 
two years of technical institute training 
is the equivalent of two years of engin- 
neering training insofar as professional 
preparation is concerned, an assumption 
that is questionable in the minds of many. 
The opposite point of view can perhaps 
be best presented by quoting the reply 
received from a member of one of the 
state boards: 


‘‘This matter has not as yet come before 
the Kentucky Board, but I think I can 
safely say that we will not give experience 
credit for work in technical institutes. Hav- 
ing sat in on a number of meetings of 


EXPERIENCE CREDIT TOWARD ENGINEER’S LICENSE 


ECPD when this situation was discussed 
I can further say that ECPD certainly does 
not consider attendance at technical insti- 
tutes, even though accredited, as having 
anything to do with registration as a Pro- 
fessional Engineer. I think the reason that 
ECPD has undertaken this work at all was 
because they have felt that something of 
the sort should be done in order to insure 
a supply of competent technicians but they 
do not expect the technical institutes to be 
considered as training Professional Engi- 


neers. The two things are entirely separate 
and distinct.’’ 


Like many other issues, this one also 
has two sides. Each of us probably has 
an opinion on this particular issue which 
may be quite close to one side or the 
other. I suspect, however, that the ma- 
jority of us, as well as of the state li- 
censing boards, will eventually agree that © 
the ultimate solution lies somewhere be- 
tween the two extremes. 


California Plan 


Of the several plans for granting par- 
tial credit, I believe that the “California 
Plan” has the greatest promise. In See- 
tion 409 of the California Administrative 
Code, the State Board of Registration for 
Civil and Professional Engineers was 
granted the authority to (1) “give partial 
credit for the completion of an approved 
curriculum of technical institute type,” 
and (2) “accept the technical institute 
type curricula which have been approved 
by the Engineers’ Council for Profes- 
sional Development.” 

In order to implement the above legal 
authorization, the California Board 
adopted the following resolution : “Moved 
by Mr. Sullivan, seconded by Mr. Soren- 
sen, that graduates from a technical in- 
stitute curriculum accredited by the En- 
gineers’ Council for Professional Develop- 
ment be given one year’s credit toward 
experience. . . . Motion carried.” * 

Stated differently, this resolution means 
that accredited technical institute train- 

* Minutes of the California Board of 
Registration for 


Civil and Professions QM 
Engineers, May 17, 1949. 
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ing, which is normally of about two years 
in duration, is considered to be the equiva- 
lent of about one year of professional en- 
gineering training. An examination of 
ECPD aceredited technical institute cur- 
ricula indicates that such an evaluation is 
not far from the actual fact. For ex- 
ample, one accredited technical institute 
curriculum in the State of California 
includes courses in Applied Mathematics 
through Calculus, Aireraft Drafting and 
Detail Design, Applied Mechanics, Engi- 
neering Shop, Technical Report Writing, 
Elementary Physics, Aerodynamics, and 
Stress Analysis. Although the objective, 
and therefore the content of these courses 
differs considerably from that of the four 
and five year ECPD accredited engineer- 
ing curricula, experience has shown that the 
graduate of such a curriculum who indi- 
cates aptitude for professional engineer- 
ing training can probably complete a four 
year professional curriculum in about 
three years. Thus, the decision by the 
California State Board to grant one year 
of experience credit for the completion of 
approximately two years of ECPD ac- 
eredited technical institute training ap- 
pears to be a realistic and practical one. 

There are undoubtedly those, even in 
this state, who feel that the Board should 
not grant any credit, or that it should 
grant full credit for ECPD accredited 
technical institute training. There are 
others who feel that the Board should 
not restrict the granting of partial credit 
to those curricula which have been ac- 
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credited by ECPD. I believe we would 
all agree, however, that unless certain 
standards are maintained the licensing of 
professional engineers is meaningless. 
Possibly ECPD accreditation is not the 
only or even the best method of maintain- 
ing sufficiently high standards for pur- 
poses of registration. Nevertheless, until 
some of the closely related problems such 
as terminology and transfer are solved, 
ECPD accreditation appears to be the 
only sound educational basis for the 
granting of experience credit toward the 
professional engineer’s license. 

At the present time there are only two 
institutions in the State of California 
which are offering technical institute cur- 
ricula that would qualify for partial ex- 
perience credit. Even if this number 
should be greatly increased by the ac- 
creditation of technical institute curricula 
in other private and public institutions, 
the total number of technical institute 
graduates applying for professional reg- 
istration will never be very large. Never- 
theless, if the engineering profession is 
to maintain its current development in a 
true professional sense, and at the same 
time avoid some of the errors and incon- 
sistencies which have been plaguing cer- 
tain other professions, it appears desir- 
able and even essential that the “Cali- 
fornia Plan” for the granting of experi- 
ence credit for technical institute train- 
ing should be continued in this state and 
considered in some appropriate form in 
other states. 


‘ eer 
Pine eRe MSHA 


bt ta A 


a) 
> 
a 
” 
re 
, 
i 
i 
~ 
. 


* 


FIEID STUDY OF A SHEET PILE BULKHEAD 
by 
C, Martin Duke 


Assistant Professor of Engineering 
University of California 
Los Angeles 


Paper presented at Annual Spring 
Meeting of American Society of 
Civil Engineers, April 27, 1950, 
Los Angeles, California 


NO? FOR PUBLICATION 


git reeat gat %o woszetort 
BhaGO TELS) ‘te whereriat 


wefegah aod 


SYNOPSIS 


Results of a field study of structural performance of a 
flexible anchored bulkhead are presented in this paper. The 
bulkhead retains a 55-foot height of fine sand hydraulic fill in 
Long Beach Harbor, California, A coarse granular dike extends 
for half the height on both inside and outside. Instrumentation 
was provided for measurement of soil pressure, tie rod tension, 
and deflection during and after the filling operation, 

It was found that during filling the lateral soil pressure 
distribution was approximately in proportion to weight of over- 
lying fill, with a lateral pressure coefficient of about 0.7. 
After completion of filling the lateral pressures above wale 
increased sharply while those below decreased; this is attributed 
to settlement of fill and accompanying partial support of fill 
on the tie rods and wale. 


Design implications of the test results are indicated. 
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36 
INTROMUCTION 
The Need for Full-Scale Tests, 

The flexible bulkhead is an outstanding example of the great group of 
problems in foundations and earth structures which are not amenable to accurate 
analysis on account of insufficient understanding of the performance of the real 
system. In the case of bulkheads the problem can be expressed in three parts: 

(1) the bulkhead, the beckfill, and the supports at anchor and toe all deform in 
accordance with same as yet unformulated functions of soil and bulkhead load- 
deformation characteristics; (2) the factors determining relations between 
lateral and vertical soil pressures under idealized conditions are still in- 
completely understood; and (3) the quantitative influence on lateral pressures 
of such prototype phenomena as tide fluctuation, pore pressure, settlement of 
fill, and construction irregularities is not understood, 

Efforts toward determination of the fundamental parameters of bulkhead per 
formance have led, as with many other soil problems, to the conclusion that 
further advance must lean heavily on scientific studies of prototype structures. 
An opportwmity for an investigation of this type arose when the Port of Long 
Beach, California, as part of its development program, planned the construction 
of two lerge hydraulically filled piers bordered by anchored steel sheet pile 
quay walls, This led to the cooperative program of investigations of the bulk- 
head at Pier C in Long Beach Harbor which is the subject of this paper, 

Scope and Objective of Investigation, 

The structural performance of the east bulkhead of Pier C, Long Beach 
Harbor (Figure 2), during and after hydraulic filling of the pier, was investi- 
gated by means of instruments installed at two test stations. The pier was fillal 
to Elev, +17 and has an outboard bottom elevation of -38 at the test locations, 

A coarse granular dike placed on both sides of the bulkhead to Elev. -10 prior to 
filling provided a degree of reinforcement, The essentially non-plastic fill 


material consisted of a fine sand containing varying amounts of silt, 
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4, 

Provision was made at the principal test station for measurement of total 
deflection of bulkhead and anchor, relative deflection at various elevations on 
the bulkhead, bending strain in bulkhead, tension in tie rods, soil pressures at 
various elevations, and water pressures at significant locations in the fill. 
These measurements, except for soil and water pressure, were duplicated at an- 
other test station, Observations were made over a period of eight months, fran 
February to October, 1949, with principal activity during the filling operation 
from February to June. 

The investigation probed the distribution and magnitude of soil pressure 
against the bulkhead and its variation with height and age of fill. The effec- 
tiveness of the dike in carrying a part of the lateral pressure was also studied, 
Organization, 

The Long Beach Harbor Department purchased and installed the instrvments, 
Active participants for the Harbor Department were R, R. Shoemaker, Chief Harbor 
Engineer, and B, N. Hoffmaster and T,. J. Thorley, Engineers, 

The University of California, Department of Engineering, Los Angeles, 
planned the instrumentation and conducted the tests and analyses, LL.M, K. 
Boelter is Chairman of the Department. D. P. Krynine, Visiting Professor, ad- 
vised in the planning. The author was in immediate charge, Students in Engineer 
ing who participated were D, L. Wheeler, E. R. Hallett, V. S. Peterson, R. J. 
Reich, and E, Carlson, 

The Soil Mechanics Committee, Los Angeles Section, American Society of 
Civil Engineers, gave considerable study to the test program and made numerous 
valuable suggestions, Committee members were T. R. Dames (Chairman), F. J. 
Converse, C, M, Duke, L, T. Evans, S. S. Green, T. M. Leps, and D. F, Warren. 
Preliminary Qualitative Analysis. 

As a basis for discussion of the planning and interpretation of the tests 
there is first presented a qualitative analysis of the performance of a typical 


hydraulically filled bulkhead. The cross-section of Figure 1 is considered, which 
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De 
is similar to Pier C bulkhead except for omission of the rock dike, It is assumed 
that water level remains constant at Elev, +4 inside and outside of bulkhead, that 
bulkhead is fixed at Elev, -38 and simply supported at Elev. +4, and that frictim 
between soil and bulkhead is negligible, Discussion is subdivided according to 


phenomena before and after completion of filling. 
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Fig. 1. Deflection of a Hydraulically Filled Bulkhead 


Active pressure, pressure-at-rest, and passive pressure of soil against 
bulkhead are the limits to be considered in evaluating the behavior of this ideal 
system during the filling operation, In Stage 1 of Figure 1, with fill level be- 
low the wale, deflection of bulkhead is qualitatively suitable for development of 
lateral pressure between the limits of active pressure and pressure-at-rest, In 
Stage 2 the influence of the cantilever portion above the wale is felt, and in 
addition the unbuoyed fill density causes a sharper rate of increase in vertical 
pressure, The deflection of the cantilever portion continues to be inward, as in 
Stage 1, so that lateral pressures against the cantilever will be between the 
limits of pressure-at-rest and passive pressure, If Stage 2 were carried to 4 
great height the trend of deflections below and above the wale would tend to 


reverse; this would represent an unusual bulkhead, Then it should be anticipated 
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6. 
that pressures against the bulkhead during filling will be sanewhat less than 
pressure~at-rest below the wale, somewhat greater above, If the fill is highly 
fluid the range between active and passive pressures will be small, so that this 
difference will not be easily detectable, 

During and after the filling operation the fill settles, This fact in it- 
self might cause minor changes in the above distribution of lateral pressure be- 
cause of the influences of wall friction, diminishing fluidity, and horizontal 
consolidation, But a factor of greater importance exists: the tie rods (and at 
Pier C also the wale) are contained in the fill. Fill séttlement results in the 
tieback system supporting part of the weight of overlying fill. This causes 
lateral pressure redistribution because the tie rods act as cables to support 
vertical load and thus their reaction on the bulkhead increases lateral soil 
pressures at and above wale level; also, because vertical pressure below the tie 
rods is reduced, lateral pressure against bulkhead below wale level is decreased, 
This is a consideration of major significance in design, 

The rock dike (Fig. 2) will influence pressures over its lower portion. 
The inner dike (references 3, 5, and 6) transmits some of the fill pressure to 
the ground beneath the bulkhead, The outer dike provides a minor passive resist- 
ance and confines the ground on the outside, giving plausibility to the above 
assumption of fixity at Elev, -38, | 

Passive resistance at the base has not been specifically dealt with above 
because the Pier C tests did not adequately cover this important item, It should 
also be pointed out that bulkheads constructed on land, followed by dredging on 


the outboard side, should be considered in a separate class, 


STRUCTURE AND MATERIALS 
Construction of Pier C, 
The Pier C quay wall (Fig. 2) consists of a bulkhead of 78-foot MZ-38 steel 
sheet piles anchored by means of 3-inch tie rods at 6-foot intervals to a concrete- 


capped patter-pile anchor set 62 feet back of the bulkhead centerline. A 
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Ts 
continuous wale consisting of two 15-inch channnels is bolted +o the inside of 
the wail, Tie rods are on a slope of one in 27 ,» Which may be considered as 
horizontal for structural analysis, The timber anchor piles are 3 feet center to 
center in two rows battered each way from the anchor centerline. The quay wall 
was designed by the Long Reach Harbor Department; contractor ware the United 
9 Construction Campany, 

After completion of pile ¢riving, installing of wale and tie rods, and 
concreting of anchor cap, the 3-inch maximum size rock dike was placed by clam- 
shell (Fig. +) on both sides of the wali, sloping at its natural angle of repose, 
Actual dike profiles are given in Fig. 7. Pumping of fill into the pier from 
dredges working in the harbor began in mid-December, 1948, In mid-Februery, 1949, 
deposition began at Station 27 + 30, and by mid-June, 1949, filling had teen 
Substantially completed at both test stations, Figs. 3 through 6 show the fill 
at various stages. 


Dike Material. 


The rock used in the dike was obtained from a quarry in the hills west of 
San Pedro. According to B, M, Page, Geologist, it is classified as: “Diabase. 
A dark-coiored igneous rock camposed of avgite, feldspar, and iron greenstone," 
Particles are angular and fairly hard, Specific gravity is 2.42, Study of the 


Screen analyses made at the quarry gave the following grading: 


i Square Screen Size Average Per cent Passing 


3 inch 30 
1-1/2 inch 55 
3/4 inch 30 
1/4 inch a5 


Angle of repose, measured from dike cross-sections after placing, was 32° 
9 (Fig. 7). Fig. 15 shows a typical sample of dike material where it collected on 
the wale during placing. 


Fill Material, 
Both fill and natural ground consist of recent alluvium brought to the 
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8. 
harbor ty the Los Angeies River, The fill was dredged hydraulically fron the 
vicinity of the river delta, 

Fxploretion and testing of soils was carried out by L. T. Evans, Foundation 
Engineer, who studied samples from 69 borings in the harbor area, Four of the 
borings were made in Pier C prior to filling and extended to about Elev. -100. 
After completion of filling a boring was made through the fill cpposite each test 
station. “Undisturbed" samples of 3-inch diameter were taken at 3-foot intervals 
in 23 of the borings, including those in Pier C, and classification samples were 
taken in the remainder. Laboratory density, mechanical analysis, triexial 
compression, permeability, and consolidation tests were made on a large number cf 
samples representing all soil types encountezed; approximate tests were made to 
estimate maximum and minimum void ratios, and Atterberg limits were estatliched 
fur the few plastic soil types encowntered. These data, as they pertain to Pier 
C, are summarized in Table 1, whore data on dike properties are also included. 

Consolidation tests of the fill itself have not been made, but data on 


similar soils from other parts of the harbor gave the following representative 


Pigures: 
Fa scehetaniniadiiansnellidiahdiaenatininittanaeennimemennimenitennenesiest 
Soil Compressive Iniex 
Fine Sand 0.05 
Silvy Clay 0.15 


Compressive index is defined as the decrease in void ratio per 100% increase in 
vressure on a preconsolidated specimen, For the fine sands of the fill, possible 
range of maximum and minimum void ratios was about 0.63 permeability coefficients 
ranged between about 10 and 35x10 om, /sec.3 per cent passing sieve No, 200 ranged 
between 5 and 15, approximately. Lenses of coarse and inedium sand and occasional 


lumps of organic clay were present. 
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LO. 
INSTRUMENTATION 


Scheme of Instrumentation, 


Much study was given to the problem of how best to observe the behavior of 
tne soil and bulkhead, General features are shown in Figs. 7, 3, ard 9. Sta. 
27 + 30 on the east bulkhead line of Pier C (Fig. 2) was instrumented for measure- 
ment of soil and water pressures against the bulltheed and for measurement of tie 
rod tension on, bending moment in, and deflection of the buikhead, Sta. 20 + 30, 
300 feet to the south, was used as a check station with duplicate instrmentation 
except for scil and weter pressure. Measurements consisted of the following: 

At Both Test Stations 
Deflection of points on upper half of bulkhead by 
retverence to a plumbed vertical bean, 
Tension in tie rods by means of pairs of Carlson strain-meters 
attached to three tie rods at each test station, 
At Sta. 27 + 30 Only 
Pressure of soil against bulkhead by means of nine Carlson stress- 
meters. Four of these instruments were installed in the fill above the 
dike. Five were installed in the dike, three inside and two outside the 
bulkhead. 

Water vressure on stressmeters and on inside of bulkheed, and pore 

pressure in the fill, by means of six standpipe piezameters. 

In addition there were undertaken at both test statious measurements of 
bulkhead strain by Whittemore mechanical strain gage and of total deflection of 
bulkhead and anchor by transit, Precision and consistence of these measurements 
was so poor that they have been disregarded. 

Tides and fill elevations were referred directly to points on the bulkhead 
in order to eliminate errors dve to regional subsidence, Nominal datum is Mean 
Lower Low water, Real elevations can be estimated by reference to subsidence 


contours of the area, 
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Les 
leade from the Carleon instruments, which are electric recording, were 
brought to a plug-in panel specially fabricated for this use (Fiz. 9). 

Ubservations were made three or four days apart during the placing of the 
fill, which occupied a period of about three months. On selected days, observa= 
tions were made at two hour intervals during a maximum tidal range. Readings at 
decreasing freauency were made un to October 5, 1919, when the tests were discon- 
tinued because insufficient instruments to justify further observations remained 
active after this date, See reference 4 ror full explanation of the instrumen- 
tation, Most significant features are given below, 

Tic Rodi Tension, 

Six tis rods, three at Sta, 27 + 30 and three at Sta. 30 + 20, weve 
instrumented with two Carlson straimmeters each for measurement of tie rod tension. 
The strainmeters are described in references 1 and 7. Fig. 16 shows the elements 
or the standard instrument; that used in the tests was of slightly smaller 
diameter and lacked the end flanges shown, The strain-sensitive element consists 
of two coils of wire, one of which stretches while the other shortens wher the 
ends of the meter are displaced relative to one another, Use of Carlson strain- 
meters in preference to a bonded type strain gage such as the SR-} gaye was 
adopted in order to assure longer life to the installation and to avoid uncer- 

_ tainties as to waterproofing and as to possible shifts in zero reading. 

A portable Wheatstone bridge set is used to observe the ratio of the 
resistances of the two coils and their total resistance in series; change in 
resistance ratio is a linear function of strain, and change in total resistance 
is a linear function of change in temperature. A temperature correction to 
strains computed from resistance ratios is required on accomt of the difference 
in coefficients of thermal expansion of meter and of tie rod. 

Figs. 17 and 18 show the method of attachment of the strainmeters to the 
tie rods ~- an arrangement designed to cancel out the effects of bending in the 
rods, This was worked out in consultation with Mr. Carlson and with Mr. David 


Pirtz. The strainmeter was slipved throueh the holes in the lues (Fie. 18) and 
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12. 
Securely clamped with the Allen set screws in such a manner that about three 
fourths of the range of resistance ratio was available for tensile strain meesure- 
mont. Precision of individual observations corresponded to about 150 psi. stress, 

Before taking initial readings all tie rods in the vicinity cf the test 
stations were adjusted as nearly as possible to the same length by means of the 
turnbuckles, 

Difficulty was encowterei with the streinmeters due to lack of protectim 
of lead wires against tensile forces due to the drag of the settling fill. When 
the fill level reached Elev, +8, the strainmeters began to becane inoperative 
one by one until when the f111 had veeched its full height there were only three 
stvalimeters left, one at Sta, 27 + 30 and two at Sta. 30 + 3C. Fortwuuately the 
loss of ptrenmeters Was @ gradual process and it was possible to sontinue com- 
putations of tie rod tensious by using data from only one strainmeter on a rod. 
For these computations it was assumed that bending strains had been largely 
accounted for under the lower tensions. 

Soil Pressure, 

Nine Carlson stresemeters with ranges of 20 and ho psi,, were used for 
the measurenent of soil pressure against the bulkhead. See Fig, 11 and refer- 
eaces 2 and 7. These instruments, which have a fine record of stross measurement 
in concrete and have been previously used for soil on several occasions, were 
adapted to this soil pressure problem through conferences with the manufactuver 
and with the inventor. Fig. 7 shows the stressmeter locations, at Station 27 + 30 
on tne bulkhead. line. Pressure on the ovter face causes pressure in the film of 
mercury which in turn deflects the Ciaphragm proper: this deflection is measured 
with a Carlson strainmeter unit, The least reading corresponds to less than 
50 lb./sa. ft. 

The stressueters were calibrated for soil vressure in the laboratory by 
the manufacturer, using a stiff rubber pad as the bed and avplying load ina 


testing machine over the flat area of the top plate by means of an annvilar block, 
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13. 
Calibration for water pressure was carried out at the site of the tests by sus- 
pending the stressmeters at known distances below the water surface. Fig. 13 
gives soil and water calibration curves for P-}, a typical strecsmeter. The two 
curves are different because of the differences in manner of loading. 

The stressmetors weve mounted in 22-inch stsel plates as shown in Fig. 12. 
Reaction for the pressure was provided by two steel bars which also served to 
stiffen the plate; on account of the sufficient thickness of the inner plate of 
the stressmeter these bars provided essentially the same suppcrt as the annular 
block used in the soil pressure calibration. The steel plates were held in the 
bulkhead. troughs by means of spring friction clips. Figs, 10 and 12 illustrate 
these details, After the strossmeters had been firmly screwed in place, the two 
steel plates on the inboard side and the one on the outboard side were lowered 
into position, pressed into the bulkhead troughs by a diver (Fig. 1), and 
securely welded to the bulkhead at their tops only. 

A number of difficulties, most of which were overcome, were encountered 
in the installation and use of the stresameter. Same of these were: early 
uneteadiness of zero readings; inadequacy of friction clips; damage to stress- 
meters during installation; ard broken lead wires. Probable validity of measure- 
ments in the dike was questioned from the first on account of large size of dike 
fragnenis, 

Water Pressure. 

Pressure of water against stressmeters and against bulkhead was determined 
during the early stages of filling by direct observation of tide elevation; after 
closure of the last cornsr of the pier the water rose inside, and both inside and 
outside water elevations were observed. After the fill rose above inside water 
level the tide data were supplemented at Sta, 27 + 30 with piezameter readings at 
three elevations (Fig. 7) on the back face of the bulkhead; three additional. 
piezometers were installed to give information about ground water in the fill. 


The piezometers consisted of 1/2- or 3/4+inch pipes running to simple filter-type 
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Ws, 
pore pressure points. Readings of water level were made to the nearest 0.1 foot 
by sounding. 

Bulkhead Deflection, 

Deflection of bulkhead points was determined by means of the vertical 
reference beam show in Figs. 7, 9, and 19. Plumbing of the beam was achieved by 
means of a precise level tube mounted at the top. Rolative deflection measure- 
ments were made to the nearest 0.01 inch with a portable dial gage stand placed 
perpendicular to bulkhead aad at minimum distance to reference beam at the various 
points observed. Provision was also made for observing anchor deflection by means 
of a special fin (Figs. 6 and 7) bolted to the cap and projecting up through the 
fill, but transit observations of deflection of both anchor and bulkhead wers 
insufficiently precise. Thus it was decided to postulate zero deflection of the 


wale and to utilize the reference beam exclusively for deflection determinetions, 


PRESENTATION OF RESULTS 

Results of the Pier C bullhead tests are presented in Tables 2 throvgh 5 
and in Fig. 20, | 

Tie rod tension measurements at both test stations are given in Table 2 
and are summarized in Tables 3 and 4, Due to successive breaking of strainmeter 
leads the canposite values in Table 2 became more approximate with the passage of 
time after about April 6, but enough strainmeters remained in action to the end of 
the tests to provide measurements, 

Tables 3, 4, and 5 swmmarize all measurements at the two stations. Fres 
body diagrams of the bulkhead at Sta. 27 + 30 on 19 dates up to August 17, are 
drawn in Fig. 20; tie rod tension values have been divided by six for these dia- 
grams to give anchor pull per linear foot of bulkhead. Measurements of water 
pressure by piezometer have been used in camputing soil pressures fram stress- 
meter readings; hydrostatic excess, which is small and has not been shown in this 


figure, can be computed from data in Table 5. 
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Table 2. Tte Rod Tensions ? 


Values in kips. 


9 Uchy Station 27 + 30 Station 30 + 30 


Tide Ste. | Sta. | Sta. 


dase | tide | sta.|: Sta. 
Elev. | 30418 | 30430 | 30+h2 | Composite 
| | 


(1949) Blev. | 27418 | 27442 | composite 


(7%) (ft.) 
(a) | to) |e) fm) |) oo) 
| 
415 6 | 5 5 | * ) 
7) 19 6 7 2 2 0 
| “aia ee : ee ae Pine 5 as : 
23) 3:7 out.| 22 DAT EG SO ON es bt i 
5.0 in, | 5.0 in, 
26 3°0 fie: 26 2° ae 3 17 | iL : 10 
Fal ry i ‘ 5.0 ia. 
eyes ot | 18 Raat 9th} 23 | i 
5.5 in. .6 in, | 
26 2°38 out. ek 3° out, 3 T | 0 | 3 
6 in, ia in, 
ee se | 30 2:5 a Ke) (26) "24 Pag 1 
ne ee 84 Bie Np ao 
2-3 Ah out.| 34 i's out 19 33 26 ! 25 
6.6 in, “ .6 in, | 
6 ih coed 46 i out ae +0 34 28 
8.2 in. 2 in 7 : 
wl et eategt 2° 3.7 out.| > 48 a +1 
ah ded alte 10,0 its 
U3 7 out Beg Gites remit ter tuabieee he, TE 
r Biteg 72 467 48 109 | 3 
20) 4.6 138 4.0 63 1.62 67 | o7 
2h) hi 5.0 ta01) 283 63, 106 
6-3 EY f 6.0 71 194 a ae 
a4 8 1.0 B60! AWGTG uc) 353 
7-12} 3.6 3.8 255 | hg | 135 
8-5 8.0 8.0 Boe inom) 139 
0 WA hogs, SS 265 57 | 143 
5 4.0 3.7 267 | 6 | 147 
A he. 1.6 269 64 149 
S| 0.7 0.7 269 | 66 150 
aq a7 G60 5.6 291 | 83 169 
Q oh} 2,8 | 3.7 2o7_ | 92 176 
10-5 yO) 3.2 293 | 172 
eames cremcemes memfunsr- smeoaees : 


(a) Both inside and outside free water levels given where appropriate. 


(b) Horizontal line in column indicates wheie one of the two strainmeters went 
out of action, Increases from this point based on one streinmeter only. 
S-3 and S-4 at Sta, 27 + 39 gave erratic values which have been discarded. 


(c) While strainmeters still in action on all tie rods, computed as averege, 
Increases thereafter obtained by averaging individual increases. 
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Table 3. Summary of Measurements: Station 27 + 30 


te | Fill | Tide [P at |Tie | Horiz, ru Wry 
aT: (1945)| Flor, Blov. it EY.-10/Rod | Defl, Soil Pressure (kips/sqa.ft.) 
| (ft.) %.) (icips 7 ee BY iS a MAMA NE. Sk SE Alba 


8q.ft)| sion | -9.5 Inside Face 


(a) (b) (cips)} (in.) i803 +7 +743 +007 


2-17 | -32 0 | | 
25 | -30 0 
3-1 |=29 ae i 
8 | -27 0 | 
13 | -26 0 | 
| 17 | -22 ) : 02 
ep | -20 0 | £05 | 
26 | -21 0 | 900 1 | | 
29 /-21 0 .00 
4a® | -18 9) 11 
6 |<17.5 © 602 
9 |=1h 0 Of 
12 {-1 0 .09 
15 |= 8.5) 267 .08 8 2 
| 19 oil | eL7 8 soe 
23 1 «50 23 82 
26 Bh oe 6, 25 | 1.89 
29 5.015,.6in. | .86 26 | 2.15 
5-3 TaD RR 200 31 2,48 
6 7.0 6.Gin, 1607 yh 2.57 
ve 94/8,2in, | 1.17 4o | 2,78 
vw. | 12,0/1051in, | 1.42 58 
U7 124ki4.0 1.52 Th | 3.39 
20 | 13.1)%.0 £299 | 218 1 3233 
24 | 16.0}, 1,94 | 15 | 3.42 
6=3 16.3/5. 2.01 | 18 | 3,36 
11} 16.510, 2.14 | 205 | 3.h0 
7-12 | 16.513. 2.07 | 209 1 3.46 
8-5 16.5/38. 1.96 | 198 | 3.37 
6 16.510. 2.09 |219 | 3.37 
LT a0l 516, 43 | 229 | 3.37 
eh | 20,5/2, ate) 2.41 
0-5 | 20. 36 8 3.63 


(a) Both inside and outside free water levels given where appropriate. 


6 (ob) Vertical soil pressure (computed). 
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17. 
Table 4, Summary of Measurements: Station 30 + 30 


et NE = 


| | mae Py Tie Rod | Horiz. Defl. | 
| Date Elev. at E1.-10 Tension at Fl. -9.5 
(1949 fb,) (kips/sq.ft.)| (kips) (3n.)° | 
: (a) (0) | 
3-1 an 
3 ay ee, 
| 22 0 | 
| 26 | 0 | 
29 a) | 
| no 0 | 
6 | 0 
9 | 0 | 
12 0 | 
15 fe) | fe) 
19 | ) 0 
| 2 5,1 in, | 0 12 
L.9 cut. 
26 5.0 in, | 0 10 
| 3.0 out. 
29 5,2 4n. | 222 17 
- 3.1 out, 
5x3 pd an, | .38 | 3.006 
5 out. 
pat 7 6 6.6 in, 58 | 28 
| 3-7 out, 
10 8.2 in, 80 Wa 
| 3.7 out, 
| Wh 9.0 10.5 in. 1.05 78 
Set out. 
7 10.2 | LT 1.36 73 
e0 12.0 4.0 1.62 97 
2h 12.7 5.0 | 1.63 106 
6=3 12.5 6.0 1.56 107 
| 11 15.5 1.0 2.13 152 
7-12 1565 3.8 1.99 135 
| §a5 16.0 8.0 1.83 139 3,69 
; 86 26,0 | 0.7 2,20 150 3.69 
| 817 21.5 | 5.6 2453 169 3-67 
| 8~2h 21.5 3.7 2.62 176 3.67 
| 10=5 21.5 | 22 2.65 172 3.92 
i | 


\ 
tee ee ES = eg 


(a) Both inside and outside free water levels given where appropriate, 

(b) Vertical soil pressure (computed). 

(c) Level tube reset after this measurement. Following values have been 
increased 0,20 in., to allow for deflection between 4-23 and 4-26, 
value having been estimated frau measurements at Sta. 27 + 30. 


(a) Same as (c) except added 0.30 to account for estimated 5-6 to 5-10 
deflection, 
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ezomet ~ : Station 27 + 30 


Piezometer Readings 
Values in ft. above M.L.L.W. 


Table 5. 
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19. 
BULKHEAD PERFORMANCE DURING FILLING 

The repuit of greatest importance which it was hoped to obtain from the 
tests is the distribution of lateral pressure of fill against the bulkhead and 
its variation with significant parameters, Thus the program was laid out with 
lateral pressure as center of attraction. A large quentity of direct and indirect 
data on this subject has been obtained, all cof which is interrelated. To organize 
these data, analysis has been subdivided according to phenomena before and after 
completion of the hydravlic fill. 

In utilizing the deflection and tie roi tension measurements to suvpleuent 
leteral pressure measuremonts during filling, the following procedure was adopted: 
(1) Determine best lateral pressure coefficients based on stressmeter observations 
onlr; (2) Tentatively adopt a hyncthesie concerning nature of supvort of the 
bulkhead; (3) Compute deflections and tie rod tensions from steps (1) and (2) 
ani compare with measured quantities, 

Outwand Soil Pressure. 

Analysis of soil pressures from stressmeter observations during filling 
opsration has been made in terms of a single coefficient of lateral pressure; 
distinction between coefficients above and below the wale has not seemed justified 
on account of imperfect homogeniety of fill and anticipated small magnitude of 
actual differences, This analysis required first an estimation of vertica]. 
preesures (‘Tebles 2 and |!) which has been mado on the basis of soil densities 
in Tabie 1. It is assumed here that friction betweer bulkhead and fill is 
negligible during the filling operation. 

Fig. 21 shows the measured lateral soil pressures at Sta. 27 + 30 plotted 
against vertical pressure at Elev, -10, which increases in accordance with the in 
crease in weight of fill above that elevation. Vertical pressure at the Level of 
@ particular stressmeter is obtained by moving the origin to the right by the 
amount of fill weight between Elev. -10 and the stressieter, Thus the slopes of 


the stressmeter "curves" in Fig, 21 are the lateral pressure coefficients, values 
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20. 

of which are indicated on the figure. Stressmeters P-5, P-8, and Pell have not 
been included here as P-5 and P-11 are on the outside of the bulkhead and all are 
in the dike where a different coefficient should be expected. 

Soil pressures against the bulkhead are also shown in Fig. 20, During 
the filling operation (up to about May 24), these pressure distributions can be 
used to estimate the value of the lateral pressures coefficient, By use of a 
template ruled with theoretical lateral pressure lines (broken at ground water 
level) corresponding to various assimed leteral pressures coefficients, and 
assuming the soil submerged below Elev. +4, the valves indicated on the figure 
were obtained. 

As a result of the above determinations the lateral pressuve coefficient 
of the fill material during the filling operation has been taken at 0.7. 
Ieteral Pressures in Dike. 

Stressmeter measurements within the dike, as had been anticipated, were in- 
adequate for reliable lateral pressure determinations on accomt of the large 
size of fragments, Initial observations were inconsistent with reasonable 
theoretical values, but it is thought that subsequent small increases superposed 
on the initial values may be rough approximations to the actual increases, 

Deflection of the inner dike is qualitatively suitable for development of 
&@ lateral pressure between the limits of pressure-at-rest and active pressure. 
f.ctive pressure coefficient for the Dike is about 0.3, based on approximation 
that angle of internal friction equals angle of repose equals 32°, Pressure-at- 
rest for this coarse granular material may be aporoximated at 0.5 (reference 6). 
Because the relative deflection of the bulkhead was appreciable (nearly 4 inches 
in a 42-foot span, Tables 3 and 4) the sateral pressure coefficient of the inner 
dike has been taken at 0.3 for purposes of analysis, Because top of dike deflects 
it is believed that it does not reduce lateral pressures to the 0.3 value over its 
full height; see pressure diagram, Fig. 22, and compare reference 3. 


Study of performance of the stressmeters on the outside face, ay given in 
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Sls 
Table 3 and Fig, 20, reveils a definite passive resistance provided by the outer 
dike. Both stressmeters indicated increases of approximately 0.5 kip/sq. Ste, av 
about the tine the fill reached Elev. +4. Prior to this increase it may be con- 
Sidered that active pressure existed, for earth sloping at its angle of repose is 
everywnere just short of incipient failure. Then for purposes of analysis the 


following generalization is made: 


Fill Level Passive Resistance of Outer Dike 
LL LLL LLL EE A ate rsReneeenatp"aitane aocaeestnseeecapns a eaoe ene alee g 


Elev. +4 lateral pressure coeff, = 0.3 


Elev, +17 fdditional 0.5 kips/eq. ft. for 
full height of dike. 


LCC LST LIE LACE AC sitchen etch agar tatintinaec nani 


Theoretical versus Observed Performance, 

Pressure distribution for fill elevations 44 and +17, based on the fcre- 
going interpretations of Strossueter measurements, are presented in Fig. 22, 
Tide and ground water levels have been taken at Elev. +4 for this purpose, Pres. 
sure due to the dike inside the bulkhead has been estimated by drawing straight 
lines between values computed for fill at Elev. -10 and for dike at Elev, -33; 
this makes allowance for gradually increasing effectiveness of the dike, with 
depth, in transmitting hydraulic fill pressures to the ground beneath the bulk- 
head through its own structural resistance, 

Tt is idealized in Pig, 22, that the bulkhead is fixed against rotation at 
Elev. -38. Confinement due to the dike and rigidity of the natural ground tend 
to provide this situation, The stetically indeterminate free body thus obtained 
has been analyzed according to conventional theory of fiexure, and curves of sheay 
moment, and deflection are shown, The primary purpose of this structural anaiysis 
is to provide a canmon ground for camvarison of the various phenomena measured 
during the filling operation. Thus it can te seen whether the soil pressures are 
consistent with the deflections and tie rod tensions, 

Observed. pabeition of the deflected bulkhead at Sta. 27 + 30 are compared 


with computed profiles in Fig. 23. Here the shapes of the curves, insofar as 
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22. 

they sorrerpori, are ir feir agreement, but ccamputed values are too small. 

Most significant cumparison is Fig. 24, where the results of Fig- 22, 
have boen slightly amplifiei to give theoretical plots against vertical soil 
pressure at Elev, -10, Reasonable agreement among computed and measured tie rod 
tensions is tidicated. The lerge tensions at Sta. 30 + 30 in the early stages 
are attributed to the high incide weter level during that veriod (Table 4); this 
influence is also felt in the observed derlections at Sta, 30 + 30. The hinge at 
bottam of deflection refexenue veam (Slev. ~9.5) deflects about 20% less in thoory 
than in fact, as shown ty the unper curves of Fig, 24, Shapes of both theoretical. 


curves campare well with the observed. 


PRESSURE DISTRTBUTLUNS ARSER FLLLING 

Dweing the filling operation the distribution of laterai soil pressure on 
the tack: of the bullchead was, as nearly as could be determined, sxsontiaily in 
Airesct proportion to the weight of overly*ng fill. Beginning on sbout June 1’, 
the lateral pressure distribution curve at Sta, 27 + 30 began to assume 4 guvice 
nenproporttonel rhape, as indicated in Pig. 20. Pressures between wale and top of 
dike drupned sharply, while those above this region increased. Simultaneously 
the tis rod tension at Sta. 27 + 30 increased considerably. Tie vod tension at 
Sta, 30 + 20 did not increase correspondingly (see Fig. 2+); this may be due ve 
eifects of the high inside water level during the early stages. 

Explanation of this effect is believed to lio primarily in the settlement 
of ths fill, evidence of which can be seen in Pig. 6, Measurements of movements 
of pilozaumeter pives showed settlements adjacent to the bulchead ranging up to C.6 
ft., for E-6; this amount apparensly ocsurred below Elev. -9 where the horizontal 
pipe to ue6 Left the pbvlkhead. The silty clay layer between Hie-7s, -38 and <32 
(Table 1) is very canpressible, Usual experience of the Long Beach Harhor Depart- 
mont with fills obtained from Harbor soils has indicated settlements of the oxder 
of 2 to 3 over periods of 6 to 16 months; this would arount to nerhaps one foot 


jin 6 months in this case at locations away from bulkhead ard. anchor. The wale and 
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tie rods are contained in the fill and provide partial vertical support at Flev, 
+4, There is relative absence of opportunity for lateral deflection at this 
lev3l., Therefore, it is deduced that settlement of fill below tho wale was 
responsible for this change in lateral preesure distribution. Deflection of 
pulkhead is discounted as a cause, as no change ia deflection was cbserved after 
canpletion of filling (Tables 3 and 4). Further investigation of this very new 
result is indicated. 

The effect of a surcharge close to the tulkhead on presswe distribution 
is seen in the August 17, free body dicgrem, Fig. 20. Further increase in pros- 
sie above wale and in tie rod tension tndicate that this surciearge nes beer. 
carried essentially by the wale-ani-tie-rod system; increase in tie rod vensiou 
due to this action of the tie rods as "cables" is the cause of the increas? in 
lateral pressure. 

Changes in bulkhead loading over a large range of tide (7-3 £t.) awe givsn 
for a typical case in Fig. 20 (August 5 and 6). Hydrostatic excess, which acts 
inward on August 5, and outward on August 6, is not shown in this figure but may 
be obtained from data in Table 5. ‘Tie rod tension increases about 15 kips with 
falling tice, while changes in hydrostatic excess roughly balance those in soil 


wressure. Total changee are relatively small. 


PRINCIPAL FINDINGS 

1. During the filling cperation the preseure of fill against bulkhead was 
approximetely in proportion to the weight of overlying fill. Proporvuions lity 
constant, or coefficient of lateral pressure, was found te be about 0.7. 

2, The portion of dike inside the buikhead was effective in reducing out- 
ward pressures. The portion of dike outside the bulkuead provided sume passive 
resistance and resulted in an effective point of fixity slightly below tke 
criginal ground level. 

3. Observed deflections and tie rod tensions at the two test stations 


agreed reasonably closely. Predictions of deflections, based on scil pressure 
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ek, 
measurements and an assumption of fixity at Elev. -38, agreed qualitatively but 
were about 20% low; tie rod tensions agreed well with predictions, 

4, lIateral pressure distribution not in proportion to weight of overlying 
fill developed after completion of filling. Pressures above wale increased 
sharply while those below decreased. This is attributed mainly to settlement of 
fill and accompanying partial support é6f upper part of fill on wale and tie rods, 

5. Surcharge piled close to bulkhead efter completion of filling was 
carried directly by the tieback system, 

6, Maximum deflections were approximately 3.6 in., outward at top of dike 
and 3.9 in., inward at top of bulkhead, assuming no deflection of wale. No 
reversal in direction of the deflections occurred at any time, Deflection changes 
ceased upon campletion of filling. 

7. Maximum tie rod tension was about 200 kips. This occurred near the 
end of the tests, under maximum influence of pressure redistribution. 

8, Effect of tide fluctuation was observed on all instruments. Tie rod 
tension increased about 15 kips in one case due to a 7-foot drop of tide. 

9, Carlson stressmeters and strainmeters adapted themselves well to this 


problem. 


DESIGN IMPLICATIONS 

Several of the indications of the tests have major significance for design 
ef hydraulically filled anchored flexible bulkheads, with or without dikes, 

Maximum bending moment and tie rod tension probably do not occur simul- 
taneously. The former occurs between wale and ground during filling and results 
from the high lateral pressure coefficient which is approximately uniform during 
the filling operation, The latter seems to occur after settlement of fill as a 
result of supporting of a portion of the fill weight on the tie back system (in 
the manner of relieving platform). 

A surcharge should be studied principally for its effect on tie rod tension, 


An inner dike is effective in transmitting part of the lateral fill pressure 
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into the ground but probably is not fully effective over its entire height 


(references 3, 5, and 6) unless constructed to the height of the wale. 


"Arching in the vertical direction" due to bulkhead deflection (reference 8) 


is discounted as a design consideration, The lateral pressure redistribution at 


Pier C was due to another cause, 


l. 
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Fig. 3. Interior View of Pier C, Looking South. 
Feb. 17, 1949 


Fige 4. Placing Dike at Sta. 26 + 00 at East Bulkhead. 
Feb. 17, 1949 


Figs. 3 and 4. 
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Fig. 5. Fill at Sta. 27 + 30. 
May 3, 1949 


Fig. 6. Crack in Fill Over Anchor at Sta. 30 + 30. 
June 3, 1949 


Figs. 5 and 6. 
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Fig. 8. Inside View of Finished Instrumentation, Sta. 27 + 30. 


Mar. 17, 1949 
Fig. 8. 
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Fig. 9. Top View 
at Sta. 27 + 30. 


Mar. 17, 1949 


Fige 10. Lower Inboard 
Stressmeter Plate. 


Feb. 15, 1949 


Figs. 9 and 10. 
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Fig. 14. Top of Lower Inboard Stressmeter Plate. 


Fig. 15. 


Feb. 16, 1949 


Detail of Piezometer H=1. Also shows Typical Dike 
Material on Wale. 


Mar. 17, 1949 
Figs. 14 and 15. 
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Fig. 16. Carlson Strainmeter. 


Fig. 17. 


(As Used in Concrete) 


Strainmeter Installation Detail. 


Apre 2, 1949 
Figs. 16 and 17. 
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Fig 18. STRAINMETER 
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Fig 21. Lateral Pressure Coefficients, During Filling, from Individual Stressmeters. 
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® How Can Standards of Achievement by 


Students in Lower Division Work 
Be Made to Mean the Same to 


Junior and Senior Colleges? 
HAROLD Pe sR:O DES 


‘Tuere seems to be little doubt 
in the educator’s mind that the 
junior college is a firmly estab- 
lished institution. It therefore be- 
hooves those who are connected 
with higher education of the four- 
year college or university variety 
to take the initiative in achieving 
a mutually satisfactory under- 
standing and working relationship 
with the junior colleges. 

The subject of this article~ 
“How can standards of achieve- 
ment by students in lower division 
work be made to mean the same to 
junior and senior colleges ?”’—rep- 
resents one of the major sources 
of misunderstanding and disagree- 
ment. Standards of achievement 
should be determined by educa- 
tional objectives. The senior col- 
leges, particularly in the areas of 
agriculture, business administra- 
tion, and engineering, are con- 
cerned primarily with the prepara. 
tion of students for entrance into 
their chosen profession. The junior 
college, on the other hand, if it is to 
fulfill its responsibilities as a com- 
munity or regional institution, 
must be concerned with a wide 
variety of curricular and co-cur- 
ricular services intended to meet 
the needs of many different stu- 
dents, most of whom will not con- 


tinue with formal full time educa- 
tion beyond the _ lower-division 
level. RaSh 
The statement of this basic dif- 
ference in educational objectives 
is not intended to be an apology for 
the junior college. On the con- 
trary, any junior college which 
includes among its educational 
objectives the preparation of a cer- 
tain portion of its student body 
for upper division work, is obli- 
gated to require a sufficiently high 
standard of achievement to insure 
reasonable success on the part of 
its graduates. 

The attainment of “reasonable 
success” of junior college transfer 
students in upper division work is 
dependent upon a thorough under- 
standing on the part of junior col- 
lege instructors of what is actually 
prerequisite to upper division 
courses in a given subject area, 
whether it be agriculture, business 
administration or engineering. The 
expression “actually prerequisite” 
is used to imply that all of the sub- 
ject matter required in the lower 
division of a four-year college may 
not be actually prerequisite for 
upper division work. No one will 
question the right of a four-year 
college to specify the content of 
such subject matter for its own 
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lower division students. However, 
the right of the four-year college 
to specify similar content in non- 
prerequisite courses for junior col- 
lege transfer students can be seri- 
ously questioned. 


Iuxxperience has indicated, ap- 
parently to the satisfaction of jun- 
ior college as well as senior college 
instructors, that at least a mini- 
mum lower division background in 
mathematics, physics, and chem- 
istry is essential to success in the 
upper division engineering curric- 
ulum. This background can be 
specified in a variety of ways rang- 
ing from a general listing of topics 
to be covered, to instances where 
a given number of pages in a par- 
ticular textbook have been listed as 
a prerequisite. 


Over the years in California the 
former arrangement has proven 
more satisfactory than the latter. 
Practically all California Univer- 
sity instructors, both upper divi- 
sion and lower division, are quite 
willing to provide their colleagues 
in the junior college with general 
outlines of topics which they cover 
in engineering and related courses, 
leaving to the discretion of the jun- 
ior college instructor the manner 
in which these minimum essentials 
shall be covered. 


As an illustration, there are sev- 
eral different lower division mathe- 
matics programs offered by the 
California junior colleges for pre- 
engineering students. The most 
common pattern is a series of four 
three-unit mathematics courses 
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covering analytical geometry 
through integral calculus in the 
freshman and sophomore years. 
However, many other patterns may 
be found. One junior college which 
became concerned about the diffi- 
culty its graduates were encounter- 
ing in upper division engineering 
mathematics, recently inaugurated 
a series of four four-unit mathe- 
matics courses which review com- 
prehensively high school mathe- 
matics through trigonometry and 
then include in the last semester 
a thorough introduction to differ- 
ential equations. The encourage- 
ment of such experimentation fre- 
quently leads to an improvement in 
student achievement whether at 
the junior or senior college level. 
A second factor essential to the 
attainment of “‘reasonable success” 
by junior college students who 
transfer to a senior college is a 
continuous follow-up study. In 
other words, the most effective 
evaluation of standards of achieve- 
ment at the lower division level is 
in terms of performance in upper 
division work. Each year the 
Office of Relations with Schools 
of the University of California 
makes a study of the grade-point 
averages attained at the University 
by junior colleges transfer stu- 
dents. Each junior college in the 
state is informed of the grades 
achieved by its students who have 
entered the University. In almost 
every case the only pressure needed 
to insure the maintenance of ade- 
quate standards of achievement in 
junior college transfer courses is 
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an examination of the facts. It 
is therefore possible for the Uni- 
versity to place the major respon- 
sibility for the maintenance of ade- 
quate scholastic standards squarely 
upon the shoulders of the junior 
college. Recent studies have indi- 
cated that junior college transfer 
students who would have been eli- 
gible for admission to the Univer- 
sity of California as freshmen, 
have done just as well in their up- 
per division work as students who 
completed the freshman and sopho- 
more years at the University. For 
these reasons, the University’s Of- 
fice of Admissions confidently fol- 
lows the practice of accepting with- 
out question any course which a 
California junior college desig- 
nates as a transfer course. 


A third factor, pertinent to 
“standards of achievement” is the 
use of examinations for admission 
to upper division curricula. For 
several years the College of En- 
gineering of the University of Cali- 
fornia has required a series of 
achievement examinations for ad- 
mission to the junior year. These 
examinations have been required 
of lower division students in the 
University as well as of junior col- 
lege transfer students. The exam- 
\inations measure lower division 

achievement in the five subject 

areas of English, mathematics, en- 
“gineering graphics, physics, and 

chemistry, and correlate rather 
“highly with success in the upper 
‘division engineering curriculum. 
©The tests are sufficiently general 
so that instead of standardizing 
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the lower division engineering cur- 
riculum they have actually pro- 
moted greater flexibility, due to 
the fact that students who have 
completed a lower division engi- 
neering curriculum of a somewhat 
unconventional nature have an op- 
portunity to indicate on the tests 
their readiness for upper division 
engineering courses. 


It is interesting to note that the 
School of Business Administration 
at UCLA is currently developing 
a similar series of tests, but these 
tests will not be used as a criterion 
for admission until they have been 
validated sufficiently with the up- 
per division curriculum. 


No discussion of “standards of 
achievement” can proceed very far 
without the interjection of grades 
and grading systems. Senior col- 
lege instructors and administrators 
are frequently disturbed by what 
they consider to be an inferior 
basis of assigning grades to stu- 
dents in the junior colleges. In 
dealing with this problem it is once 
again necessary to keep in mind 
the basic differences between the 
educational objectives and student 
characteristics of the junior col- 
lege as contrasted with the four- 
year college and university. Since 
much of the grading done in in- 
stitutions of higher learning is on 
a somewhat relative basis, it is not 
expected that the average junior 
college transfer student will re- 
ceive as high grades in senior col- 
lege as he did in junior college. 
Admittedly this differential for a 
given junior college should not be 
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too great. Studies in California, for 
example, indicate that student 
grades attained in junior college 
are, on the average, about one-half 
of a letter grade higher than sub- 
sequent grades received at the Uni- 
versity. The important element, of 
course, is not the grades which a 
transfer student received in junior 
college, but rather the grades which 
he obtains in his upper division 
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work. So long as junior college 
transfer students maintain grades 
in their upper division courses 
which compare favorably with 
grades obtained in the same courses 
by students who completed their 
lower division work at a four-year 
college, there need be no concern 
about any minor differences in 
grading standards between the jun- 
ior and senior colleges. 


INFLUENCE OF THE ELASTIC CONSTANTS ON THE PARTITION 
OF LOAD BETWEEN RIVETS 


W. D. MITCHELL and D. ROSENTHAL, University of California, 
Los Angeles, California. 


SUMMARY 


Previous experiments have shown that the 
load is not evenly distributed between the rivets 
in a lap joint. The first and the last rivets in 
a line carry by far the greatest share of the 
load. The authors have attempted to improve 
this situation by making the rivets of a mater- 
ial which was less rigid than the plates. How- 
ever, the experimental results did not show the 
expected improvement. The reason for this 
shortcoming was found in the limitation of de- 
formation imposed on the rivets by the more 
rigid plates. 


PURPOSE OF RESEARCH 


The partition of load between rivets in a lap 
joint has been the subject of many studies both 
theoretical and experimental.(1)* The main 
conclusion of these studies is that the load in 
the elastic range is not equally divided between 
the rivets in a line. The end rivets carry by 
far the greatest share of the load, which then 
decreases rapidly as one approaches the center 
of the joint. Similar conclusions apply to the 
distribution of load along the side fillets of a 
fusion welded joint, or along a line of welded 
spots made by resistance welding. (2,3) In most 
experiments performed so far the joining ele- 
ments, i.e. the rivet and the weld, were made 
of the same material as the members joined by 
those elements, and in those experiments where 
different materials were used, the rivet was 
made of the more rigid material.(4) But on the 
strength of theoretical studies(5) one would ex- 
pect the load to be more evenly distributed 
among the rivets, if the latter were made of a 
less rigid material than the joined members. 
Inorder to check the validity of this assumption 
a series oftests were performed the results of 
which are briefly reported in this paper. ~ 


*Superiors in parentheses refer to bibliogra- 


phy. 
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EXPERIMENTAL PROCEDURES 


Specimens. The type of specimen used in this 
investigation is represented in Fig. 1. It con- 
sisted of two cover plates and one middle plate 
made of mild steel, S.A.E., 1020. 

In order to eliminate the effect of friction 
caused by riveting, the plates were joined by 
bolts which were machined to a close tolerance 
with respect to the diameter of the holes. The 
substitution of bolts for rivets was justified by 
the results of a previous investigation(6) which 
showed conclusively that at the working load 
the rivets behaved as ordinary pins. Also, by 
avoiding the effect of friction it was possible 
to obtain a load-displacement diagram which 
was essentially free from the hysteresis loop 
(found in previous work) and which was linear 
inthe range of loads employed, see Figs. 4, 5, 
and 6. The bolts were made of the following 
materials: mild steel S.A.E. 1020, annealed 
aluminum alloyST 24, brass 60/40, and lucite. 
Table lsummarizes the elastic characteristics 
of these four materials. 


Method of measurement. The load carried by 
an individual rivet in a line can be determined 
indirectly either from the stress gradient in 
the cover plate or from the value of the rela- 
tive displacement of the joined elements in the 
neighborhood of the rivet.(7) In both cases the 
computation is based on certain assumptions 
and approximations, the validity of which can 
be verified to some extent by modifying the ex- 
perimental conditions, for example, the number 
of rivets. A similar procedure has been follow- 
ed in the present investigation. However, the 
experimental labor was greatly reduced by 
making one single measurement of displace- 
ment, namely at the end of the cover plates as 
shown in Figs. land 2, and by varying the num- 
ber of bolts in the joint. The partition of load be- 
tween the bolts in any type of joint can then be 
computed as shown in Appendix, by assuming 
that the deformation of each element of the 
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Fig. 1. Joint Test Section - Material: 1020 Steel. 


TABLE I - ELASTIC CHARACTERISTICS OF 
THE MATERIALS 


Youngs Poisson 
Modulus Ratio 
Material E, psi Ht 
Steel: SAE 1020 30 x 108 0.28 
Aluminum Alloy: 
24ST 10.3 x 10 0.33 
Brass: 60 / 40 12 x 106 0.30 
Lucite 0.44 x 106 0.34 


joint bears a constant relation to the load act- 
ing uponit, irrespective of the number and na- 
ture of bolts. This assumption is similar in 
nature to that made in a previous work,(5) and 
its validity can be checked experimentally as 
will appear ina later discussion. In this con- 
nection the recourse to an electric circuit 
analogy, developed in the Appendix, has proved 
particularly helpful. 

The specimens were loaded in tension accord- 
ing to the schedule outlined in Table 2, and the 
range and value of load were adjusted to give 
about the same value of displacement for all 
types of joint. 


The extensometer. The displacement between 
the cover plates and the middle plate was meas- 
ured by means of a special extensometer* with 
one leg resting on the cover plate and the other 
ona small stud brazed to the middle plate, Figs. 
1 and 2. The basic principle of operation is 
shown in Fig. 3. By displacing point B with re- 
spect to C the knife “a” is made to rotate around 
A, which imparts a vertical movement to the 
pinb. The latter forms a part of a non bonded 
resistance wire gage**, which translates the 
motion of the pin into a change of electric re- 
sistance. The gage is a self contained Wheat- 
stone bridge with all four sides active. The 
output of the bridge is measured by means of a 
galvanometer using an input voltage of about 6 
volts. The readings of the galvanometer are 
calibrated in terms of the displacement of the 
knife “a”. Fig. 2 shows the strain-indicator 
unit*** containing the galvanometer, dry cells 
and various electric elements for the adjust- 
ment of input voltage, sensitivity, and zero. 

The extensometer may also be operated by 
means of anSR-4 Strain indicator. In this case 
only two sides of the bridge are active. 


*Built in the Mechanic Shop of the Department. 

**Statham gage. 

***We are indebted to M.G. Zizicas, graduate 
student in Engineering, for the construction of 
this indicator. 


( 
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TABLE II - JOINT MODULI, J FOR VARIOUS JOINTS a) 
No. of J, lbs. Microinch 
Bolt Material Bolts Experi- Computed 
mental 
STEEL: 1 1.25 -- 
SAE 1020 2 2.33 -- 

3 3.00 -- 
a 3.27 3.27 @ 

BRASS: 60 / 40 1 1.094 “= 
2 2.06 2.055 
3 2.63 2.67 
& 2.97 3.02 

ALUMINUM ALLOY: 1 1.04 ~- 

24 ST 2 2.00 1.98 

3 2.40 2.08 
4, 2.65 2.92 

LUCITE 1 0.106 -- 
Z 0.207 0.212 
3 0.312 0.310 
4 0.397 0.402 


1500 


LOAD, Ibs. 


a 
o 
(2) 


Slopes: 


Side A= 2.67 Ibs/u in. 


LOAD, Ibs. 


Side A= 3.24 Ibs/u in. 


Side B = 2.78 Ibs/uin. 


Side B= 260 'bs/u in. 


300 


$00 : 
ce) wo 200 300 400 ° 100 =. 200 300 400 500 600 700 800 
DEFORMATION, micro-inches DEFORMATION, micro-inches GS 


Fig. 4. Load vs. Deformation for 3 steel rivets. Fig.5. Load vs. Deformation for 3 brass rivets. 
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Slopes: 
Side A= 191 Ibs/u in. 


Side B= 222 Ioe/ in. 


DEFORMATION, micro-inches 


Fig. 6. Load vs. Deformation for 2 
lucite rivets. 


RESULTS 


Inorder to correct any error due to bending, 
the displacement was measured on both sides 
of the joint by two extensometers mounted si- 
multaneously as shown in Fig. 2. The two sets 
of readings were plotted separately as a func- 
tionofappliedload. Figs. 4, 5, and 6 are typi- 
cal ofthe kind of plots obtained for all types of 
joints, except those made with three and four 
Aluminum Bolts. For these a slightly larger 
deviation from the straight line was noted on 
unloading, Figs. 7and 8. The average deviation 
from the straight line was about 10% for the 
latter, while it was only about 3% for other types 
of joints. This circumstance may account in 
part for the discrepancies which appear in Table 
2 and which will be discussed below. 


Joint Modulus. From the results plotted in 
diagrams, Figs. 4, 5, etc., a value of load can 
be determined which will produce a displace- 
ment of one microinch (10-6 inch) between the 
points B and C, Fig. 1. When values from both 
sides of the joint are averaged to correct for 
the effect of bending they give a measure of 
what may be termed the rigidity of the joint. 
For this reason the above average has been 
called the joint modulus, J. In Fig. 9 the values 


» of J have been plottedasa function of the num- 
“ber of bolts in the joint. It is seen that the 
_ joint modulus increases less rapidly than the 


LOAD, Ibs. 
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eal Slopes: 


Side A = 2.16 Ibs /q in. 
Side B = 3.15 Ibs /u in. 


ie) 200 400 600 800 
DEFORMATION: micro-inches 


Fig. 7. Load vs. Deformation for 4 
aluminum rivets. 
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Side A = 2.02 Ibs/u in, 
Side B= 2.79 Ibs/u in: 


100 200 300 400 500 600 
DEFORMATION, micro—inches 


Fig. 8. Load vs. Deformation for 3 
aluminum rivets. 
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J, !bs/micro-inch 


JOINT MODULUS, 


NUMBER OF RIVETS 


Fig. 9. Joint modulus as a function of 
the number of rivets. 


number of bolts. The lucite bolts are an ex- 
ception. Here the relation is a straight line 
within the limits of experimental error. 


Partition of load between the bolts. As shown 
in the Appendix the results of Fig. 9 afford a 
simple measure of the % of load carried by the 
individual bolts in a joint. If the computation 
is made for a “four bolt” joint, diagrams, Fig. 
10 are obtained, from which it appears that only 
in the case of lucite bolts is there any signifi- 
cant improvement in the partition of load as 
compared to that of steel bolts. The change 
produced by the use of brass and aluminum 
bolts is quite small. It does not compare to the 
corresponding change of the moduli of elastic- 
ity anditis not in agreement with the theoreti- 
cal considerations. Inview of this discrepancy 
a more detailed discussion of the results ap- 
pears necessary. 


DISCUSSION OF TH RESULTS 


Comparison between the computed and experi- 
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Fig. 10. % of load carried by each 
rivet for four rivets and four materials. 


mental joint moduli, J. In an earlier section 
it was pointed out that the partition of load be- 
tween rivets could be determined indirectly by 
assuming a constant relation between load and 
deformation in each element of the joint, ir- 
respective of the number and nature of rivets. 
In the elastic range the relation between load 
and deformation affects the form of a Hooke’s 
law. Therefore, with the above assumption, 
the coefficient of proportionality in the corres- 
ponding Hooke’s relation must depend solely 
on the geometry and nature of the particular 
element. This condition should apply to the 
rivets as well as to the plates. Because of 
symmetry, in the present case the elements of 
the plates are only of two kinds: (a) the portion 
of plate between two bolts, and (b) the end por- 
tionof the plate. The bolt is the third element 
of the joint, and this element bears a different 
relation to the loadfor each of the four materi- 
als of which it has been made. The number of 
independent variables for all 4 x 4 = 16 joints 
investigated is therefore 2 for the plates, plus 


® 
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TABLE III - DEFORMATICN OF BOLT, ep: MICRC-INCHES/LB 


Material Experimental 
STEEL: SAE 1020 0.740 

BRASS: 60 / 40 0.854 
ALUMINUM: 24 ST 0.868 
LUCITE 9.37 


Anticipated COMPUTED 
from Modulus Shear Bending 
Ratio Ay A; 
0.134 0.386 
1,08 0.335 0.985 
2.0 0.400 1.20 
49.5 9.00 26.0 


4 for the rivets, i.e. 6 total. In other words, 
10 out of 16 results can be determined by com- 
putation and compared with the experimental 
ones. Thecomputation has been carried out in 
the Appendix, and the results are shown in Col- 
umn 4 Table II. Onthe basis of an experimental 
error of 3%, it is seen that the agreement be- 
tween theory and experiment is good. The 
somewhat larger discrepancy for three and four 
aluminum bolts is believed to be due to the na- 
ture of the load-displacement diagrams, Figs. 
7 and 8, discussed previously. 


The deformationof bolts. From the above dis- 
cussion it appears that the discrepancy between 
the expected and the true partition of load can- 
not be explained on the basis of an incorrect 
assumption. Attention therefore willbe direct- 
ed to the deformation of the bolts themselves. 
As pointed out previously this deformation can 
be determined experimentally for each of the 
bolts employed. When this is done, figures 
shown inColumn 2, TableIII, are obtained. On 
the other hand, Column 3 of the same table con- 
tains values for brass, aluminum and lucite 
which have been computed from the corres- 
ponding values for steel on the assumption that 
the modulus of elasticity is the only variable 
involved in the change of the material. It is 
seenthatthe actual deformation is of from two 
to five times smaller than the expected one. 
The discrepancy increases as the modulus of 
elasticity decreases, Thatis, in actual service 
the bolts made of a less rigid material are 
much stiffer than anticipated. Obviously, not 


only the modulus of elasticity but also the mode 
of deformation has undergone a change in this 
case. 

The mode of deformation of a bolt or rivet 
is not readily amenable to an analysis. The 
current assumption of pure shear is much too 
over-simplified. As Talbot and Moore\”’ have 
shown, rivets undergo considerable bending in 
a lap joint. However, this condition applies 
only to a homogenous joint. To the best of our 
knowledge the behavior of the rivet in a heter- 
ogenous joint has not been investigated. 

Assuming a uniform pressure in the hole the 
deformation of the bolt due to shear and bend- 
ing can be computed by means of the elemen- 
tary beam theory. This computation has been 
carried out in the Appendix, and the results 
are shown in Columns 4 and 5, Table 3. By 
comparing the experimental and computed val- 
ues it is found that: 

(a) The steel bolts deform more than by as- 
suming a combined action of shear and bending, 
(b) The lucite bolts deform as though by as- 
suming the action of shear alone, and 

(c) Thebrass and aluminum bolts exhibit a be- 
havior which is intermediate between shear and 
bending. 

Thus, there is a gradual change in the mode 
of deformation as the material of the bolts be- 
comes less rigid with respect to that of the 
plates. Apparently, whatever the deformation 
of the bolts, it is restricted in its nature and 
magnitude by the deformation of the holes in 
the steel plate. This circumstance explains 
why in a heterogenous joint the deformation of 
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the bolts increases less rapidly than the de- 
crease of their moduli of elasticity. 


CONCLUSION 


From the above results and discussion the 
following conclusions may be drawn: 
1. Inorder to improve substantially the par- 
tition of load between the rivets in a line, the 
latter must be made of a material which is at 
least ten times less rigid than the material of 
the joined members. 
2. In heterogenous structures predictions 
based on the ratio of moduli of elasticity may 
be at fault because of restrictions imposed on 
the magnitude and nature of deformation of the 
less rigid elements by the more rigid ones. 


APPENDIX I 


COMPUTATION OF THE CHARACTERISTICS 
OF ALAP JOINT BY MEANS OF AN ELECTRIC 
ANALOGY 


Principles of the analogy: According to the 
assumptions made in the main body of the re- 
port, the deformation, Ac, of any elementof the 


joint is related to the force, F, acting on this 


element by the equation 
Ae = kF (1) 


where k is the coefficient of deformability de- 
pending only on the geometry, size, and nature 
of the element. The word element implies any 
part of the joint: cover plate, middle plate, or 
rivet, considered between two points, A and B, 
of the joint. Under this assumption ae is sim- 
ply the displacement of point B with respect to 
point A. Now, the principle of continuity of de- 
formation and the equilibrium of forces, ap- 
plied to a structure made of various elements, 
states that: 

1. The displacement between A and B ina 
given direction (in this case the axial direction) 
is independent of the path along which this dis- 
placement is measured, and 

2. Theforces acting on any point of the joint 
are in equilibrium. 

Similar principles apply to an electrical cir- 
cuit made of resistors, in which the voltage 
drop, Vsz, replaces the displacement between 
points A and B, and the current, i, the force 


acting on the element (A B). The analogy is Chg 


completed by observing that equation (1) takes 
the form of Ohm’s Law: 


Vap = Ri 


in which the resistance, R, replaces the co- 
efficient of deformability, k. 

Equivalent networks: On the basis of the 
above analogy the computation of the displace- 
ments and forces in a lap joint is reduced to 
the solution of the following electric networks:. 


One bolt joint, fig. lla. 

Vis = i(Rz + Rs) (3) 
Two bolt joint, fig. 11b. 

Van = iRe + Rs) (4) 


Three bolt joint, fig. lle. 


ae Ps R, + Re \\ 
ae — 5 
Vap Ans + Ro ( ) 
Four bolt joint, fig. 11d. 
ee 2h, + wn \ 
= —— 6 
Vap {Rot (ee ( ) 


3. Values of coefficients of deformability 
for plates and bolts. 


From (8), (4) and (5) there follows: 


3 (“)" nae (“) 4 (*#) 
IT 


m-a(a) 2) 
} 4 


Or reverting to displacements and forces and 


relation (1): 
Ae Ae\! Ae\! 
a(p) -4) +G@) 


i 


®) 


®) 


Costes (3) 5 Gi 
CaP elie F 

2 2(2)'-() 
oh Te AY F 


where [i,/2,andk, are the coefficients of de- 
formability of the element of plate between 


| holes, the bolt, and the end element of the plate, 


respectively. 

Using the values of joint moduli, 
J, compiled in table 2, the values of 
and also the values of *. for various bolt ma- 
terials, have been computed and entered in 
tabfe 4. 


J, Je, and 
k, and kg 


TABLE IV 


VALUES OF COEFFICIENTS OF DEFORM- 
ABILITY, k, FOR VARIOUS PARTS OF THE 


JOINT, 

PART k x 108 in/Ib 
End section of plate 0.059 
Section of plate between holes 0.311 
Steel bolt; SAE 1020 0.710 
Brass bolt: 60 / 40 0.854 
Aluminum bolt: 24 ST 0.868 
Lucite 9.37 


4, Joint Moduli for various joints: With the 
abovevaluesof fi, ‘2,andk3; , the joint modulus 
for any number of bolts may now be computed, 
using equations (4), (5), and (6). In the case of 
steel bolts only equation (6) will give a new re- 
sult, since equations (3), (4), and (5) were used 
for thecomputationof ik, andk;. The computed 
values of J are presented in Column 4, Table 
2. 

5. Partition of load between bolts inthe four 
bolt joint. 

From Fig. 11 there follows that: 
2h, + Re 


f Ma lestshy + Bo a 
(R, + Re) 


25 


INFLUENCE OF THE ELASTIC CONSTANTS ON THE PARTITION OF LOAD BETWEEN RIVETS 


iia (oie Oe 0 al (8) 
I I 4(R,+ Re) 

or 

Fy _ Fy _ 2h th 9) 
FF 4(k, + ke) 


Fz, Fe ke 


== (10) 
FF  A{k, + ke) 


where F is the total load on the joint, and /i, 

F2, F3, and F4 the partial loads on each of the 
four bolts. 

By substituting the values of = (i, kz, andk; 
in equations (9) and (10) the partition of load 
between bolts for various bolt materials may 
be obtained. The results for the four materials 
employed in this work have been plotted in Fig. 
10. 


Fig. I'b 2 BOLTS 


Fig. \tc 3 BOLTS 


SN 


4 BOLTS 


Fig. 114 


Fig. ll. Equivalent Networks. 
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b Cc 


Fig. 12. Deflection of the bolt. 


APPENDIX II 
DEFLECTION OF THE BOLT 


Assuming that the bolt is deformed as a free- 
ly supported beam loaded in the manner shown 
in Fig. 12, the deflection due to shear and bend- 
ing may be computed by means of the usual 
equations of beam theory: viz. see Fig. 12 (b) 
and (c). 


2 
ola kya (11) 


da GA 
ga (12) 
dx” EI 


where ? isadistributedload (p = /2t); M, the 
bending moment; G and E, the shear and Young’s 
moduli, respectively; A, the cross section area; 
I, the moment of inertia; and k, a distribution 
coefficient for shear, which in the case ofa 
circular section is equal to 4/3. 

Solving equations (ll) and (12), there follows 
with reference to Fig. 12 (b) and (c) 


A,  2.66¢ 
F ze r&G oe 
Ae Ame (14) 
FO rd'B 


where d is the diameter of the bolt. By sub- 
stituting in these expressions t = 1/4, d = 3/8, 


and G= ,» where » isthe Poisson ratio, 


pate? 
21>) 
the values shown in Columns 4 and 5, Table 3, 
are obtained for the values of E and » figuring 
in Table 1. 
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Numerous physical and chemical properties of the stereoisomers of decalin 
have been determined in the chemistry laboratories of the University of British 
Columbia during the past few years. It was to add to the knowledge already 
obtained about czs- and trans-decahydronaphthalenes that the present investiga- 
tion into the interfacial tension of the compounds against water was undertaken. 
In particular, it was to determine whether the cis isomer gave any unusual values. 
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EXPERIMENTAL PROCEDURE 


Many methods have been devised for the measurement of interfacial tension. 
After a detailed study of the most recent methods used, that of Hutchinson (3) 
was selected as the most appropriate for the material at hand. Hutchinson 
modified Sugden’s original surface tension apparatus (6) for interfacial deter- 
minations. He further developed the following equation as it applied to his 
apparatus: 


T = (h' — h’)gd (1 + orn (1) 
dh 
where 7’ = interfacial tension in dynes per centimeter, 
h’ = height of meniscus in tube with small tip, 
h” = height of meniscus in tube with large tip, 
d = density of phase inside tubes, 
r = radius of larger tip, 
h = (h’ — h”), and 
A = an arbitrary constant for the apparatus. 


This method is a relative one, i.e., it depends upon calibration with some inter- 
face of known value. One advantage in its use is that the apparatus can be readily 
constructed from laboratory glassware and is suited to temperature measure- 
ments. Another important feature is that only a small amount of material is 
needed for a determination. 

The apparatus constructed was similar to that described by Hutchinson (3) 
(see figure 1). The essential part consisted of two Pyrex-glass bubbling tips of 
different radii for producing bubbles of one liquid inside the other. These tips 
were joined to a reservoir having side tubes in which the heights of the liquid 
could be read with a cathetometer. The side tubes were identical, so that no 
capillary corrections needed to be applied. The tubes were rigidly mounted in 
a rubber stopper and connected to a pressure system (figure 2). With the ap- 
paratus assembled, the faces of the tips were in a horizontal plane with respect 
to the side tubes. 

The whole of this apparatus was enclosed in a Pyrex cell 5 cm. in diameter 
and about 8 cm. long. The cell was placed in a water bath and held firm by a 
brass collar. The entire apparatus was so arranged that the bubbling tips were 
as free from vibration as possible. 

Water was chosen as the bath liquid, since it provides better visibility than 
oil. Agitation was supplied by a 4 cm. propellor driven by a variable-speed motor. 
A copper cooling coil through which water at 15°C. was circulated was inserted 
in the bath to provide suitable opposition to the heaters. The heaters were two 
125-watt blade heaters which were connected with a thermoregulator at all 
times. A 200-watt heater was used to take the bath from one temperature range 
to another. 

The temperatures were measured by a mercury thermometer over the range 
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from 20° to 70°C. The thermometer could be read to 0.1°C. and was calibrated 
against a Leeds & Northrup resistance thermometer previously standardized. 
With the help of this thermometer and a Cenco supersensitive relay it was pos- 
sible to control the temperature of the water bath from 0.01° to 0.02°C. 

The bath itself was a Pyrex-glass cylinder, 45 cm. high and 23 cm. in diameter. 
It was suitably lagged and covered with an insulated wooden lid. Since it was 
necessary to sight into the cell, its wall had to be tested for optical defects. This 
was done by immersing a brass meter scale inside the bath and measuring the 
distance between two points by means of a cathetometer through a window in 


Two Wa 
Stopcoc 


Mercury 
Reservoir 


Copillary Vent 


Pressure 
‘Regulator 


Fic. 1. Details of pressure system Fig. 2. Details of bubbling tube 


the lagging. The measurement was then repeated with the scale outside of the 
bath. No difference was noted. 

Since the heights of the liquids in the side tubes were all that one observed for 
a determination, it was necessary to make the cell of sufficient diameter so that 
the addition of one drop of liquid inside the tubes to the liquid in the cell would 
not substantially increase the pressure needed to produce a bubble. 

The tips were drawn from 4 mm. Pyrex-glass tubing, marked with a diamond, 
then broken off. The tips thus made were found to break off very sharply and 
were not jagged as expected. They were examined with a low-power travelling 
microscope, and it was found that practically all of them were circular in cross 
section. Two tips were selected from a large number, and these were carefully 
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ground with fine emery powder until perfectly plane in cross section. The diam- 
eter of the larger tip was measured with the same microscope at 30° intervals of 
rotation. 

The position of the side tubes proved somewhat critical, and after some ex- 
perimenting it was found that the tube should be joined to the reservoir about 
1 cm. below the level of the tips. This allowed the hydrocarbon to go up the 
side tubes and yet prevented water from backing up in the same tubes. The side 
tube and tip were placed at right angles to each other to facilitate reading the 
height of liquid and to check the level of the tips. 

The method of producing the bubbles proved to be a problem in itself. Hutch- 
inson (3) had a side tube on his cell and decreased the pressure above the cell 
liquid with an aspirator. This method was tried without success. It was found 
that the bubbles were produced too rapidly and could not be properly controlled. 
Since the meniscus could not be closely followed, the method was finally aban- 
doned and another tried. 

The tubes were next connected to a two-way stopcock so that the pressure 
could be raised in one tube without influencing the other. This was in turn con- 
nected to a pressure system consisting of a piece of pressure tubing which was 
placed in a vise so that it could be compressed, allowing the bubble of liquid to 
be produced very slowly. After some practice it was found that the pressure 
could be controlled very nicely and the height of the liquids in the side tubes 
could be reproduced without any great difficulty. 

An alternate form of pressure device was also used, in which a buret dripped 
liquid slowly into a flask, displacing the air in the system and producing bubbles 
of liquid. This was found to be the best form of pressure device, since the in- 
vestigator does not need to control any vise or in any way cause sudden increases 
in pressure. The operator merely sets the buret, which may be filled with mer- 
cury, sulfuric acid, or the liquid under investigation, so that the pressure is 
slowly increased. He then follows the rise of liquid in the side tube until the 
maximum height is reached. The meniscus can be followed easily with a cathetom- 
eter. The apparatus should be illuminated so that the meniscus can be read 
easily. 

Before taking any readings it was necessary to calibrate the apparatus against 
a known interface and get the value of the arbitrary constant indicated in 
equation 1. The system benzene—water was selected because the value of the 
interfacial tension has been accurately determined at 20°C. and agreed upon 
by investigators. Furthermore, benzene can be obtained in reagent grade and 
readily purified by fractional crystallization. The pressure difference for the 
two tips was observed several times, and the mean constant for A in equation 
1 calculated. The numerical value was 0.01813. 

Extreme cleanliness was found to be necessary, so before each determination 
the bubbling tips and tubes were cleaned with hot sulfuric acid and dichromate 
solution, washed with alcohol, and rinsed with distilled water. The tubes were 
then dried for 20 min. at 110°C. After making a determination with cis-deca- 
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hydronaphthalene it was found necessary to heat the cleaning solution to about 
120°C. before any satisfactory cleaning was observed. The criterion for cleanli- 
ness was that the liquid should not adhere to the glassware in droplets but should 
rather form a smooth continuous film over the glass surface. The same procedure 
was followed in cleaning the cell. 

In making a run the cell was filled with distilled water to such a height that 
when the tubes were placed in the cell, the liquid would be about 1 cm. above 
the level of the tips. The cell was placed in the constant-temperature bath to 
allow the distilled water to come to the bath temperature. The tubes were filled 
in the following manner: Distilled water was poured into the side tubes until 
the tips were just filled and no more. This was to prevent the hydrocarbon from 
forming drops in the distilled water when the tubes were placed in the cell. 
The hydrocarbons were then poured into the side tubes until the liquid was 2 
or 3 cm. above the face of the tip. The tubes were now placed in the cell and it 
was firmly bolted into position by tightening the brass collar, thereby holding 
the whole assembly together. 

The whole assembly was kept in the bath for 20 min. before any readings were 
taken. This was not only to ensure thermal equilibrium but also to make it pos- 
sible to neglect any aging effects at the interface. To check for interfacial equilib- 
rium, the hydrocarbons were shaken with distilled water and left overnight. 
The organic phase was then used in place of the anhydrous hydrocarbon. No 
difference in the values of the interfacial tension was observed, however, and 
it was not deemed necessary to repeat this in subsequent determinations. 

The tips were checked with the cathetometer to make certain that they were 
in the same horizontal plane and were adjusted if necessary. At the end of the 
20-min. period, the pressure in the tube having the smaller tip was raised with 
the levelling bulb until the hydrocarbon was almost ready to leave the tip. 
The vise was now used to very slowly raise the pressure in the tube. The menis- 
cus was followed with the telescope until the bubble had formed and the meniscus 
in the side tube suddenly fell. The maximum height of the meniscus was re- 
corded and the pressure in the system reduced by means of the capillary stop- 
cock. The two-way stopcock was now turned, and the maximum height of the 
meniscus for the tube with the larger tip was recorded. 

This procedure was repeated at 10° intervals throughout the temperature 
range. Several readings were taken at each temperature interval and the mean 
used in the calculations. While no difficulty was encountered in holding the tem- 
perature constant at the lower end of the range, it was harder to control the 
temperature at the upper end. 

As a check on the calibration constant, the interfacial tension of the system 
n-octane—-water was measured at 20°C. and found to be 50.98 dynes per centi- 
meter, as compared with a value of 50.8 recorded in the International Critical 
Tables. As a sample of the pressure differences encountered, the values for trans- 
decahydronaphthalene at 20°C. are listed in centimeters of height for that com- 
pound in table 1. 
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Using the densities of benzene, n-octane, and cyclohexane as given by the 
International Critical Tables and those given by Seyer and Davenport for cis- 
and trans-decahydronaphthalenes (5) the values of the interfacial tension were 
calculated and recorded in table 2. 


TABLE 1 
Pressure differences for trans-decahydronaphthalene at 20°C. 
rbrial 8 cncn/! amici ee i Y 3 4 
Heigh tum cm) 5) gies. 3.295 3.260 3.285 3.280 
TABLE 2 


Interfacial tension of trans-decahydronaphthalene, cis-decahydronaphthalene, cyclohexane, 
and n-decane 


INTERFACIAL TENSION 
TEMPERATURE - 

irae Desttadee: yb cet Desehi airy i Miya Bveleueee n-Decane 
oC. dynes/cm. dynes/cm. dynes/cm. dynes/cm. 
20 51.40 51.74 51.01 51.24 
30 50.99 51.45 50.67 50.71 
40 50.44 51.12 50.15 50.42 
50 50.09 50.89 49.72 49.86 
60 49.69 50.54 49.40 
70 49.40 50.40 49.09 

TABLE 3 


Comparison of interfacial tension values 


INTERFACIAL TENSION 


TEMPERA- 
HYDROCARBON TURE Bubble 
pressure Others Authority 
method 
WES dynes/cm. dynes/cm. 
Octane’). eee eee eee 20 50.98 50.8 International Crit- 


ical Tables 
trans-Decahydronaphthalene..| 20 51.18 50.98 at 25°C. Guest and Lewis 
(1) 
Gyclohexane i's, 41) hare ead 50.80 50. 28 Mathews (4) 


DISCUSSION OF RESULTS 


The reliability of the differential bubble pressure method for interfacial meas- 
urements is shown by the close agreement of the present values and those made 
by others using different techniques. This agreement is illustrated in table 3. 
In the case of the first two values the deviation is less than 0.5 per cent, whereas 
with cyclohexane it is slightly over 1 per cent. The high value for cyclohexane 
might be due to impurities, since the substance had a slight yellow tinge, prob- 
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ably brought about by oxidation as the sample had been standing for some years 
after purification. It was also observed that the cleanliness of the tips was im- 
portant, as values 10-15 per cent higher than those recorded were obtained when 
insufficient cleaning had taken place. 

Hutchinson (3) makes no mention of how to correct for drops of the liquid 
in the tubes forming on the surface of the liquid in the cell. In the present inves- 
tigation, the height of the meniscus in the tube with the small tip was recorded 


Dynes/Cm. 


INTERFACIAL TENSION 


TEMPERATURE ‘°C. 


Fia. 3. Interfacial tension vs. temperature. Curve 1, cis-decahydronaphthalene and water 
curve 2, trans-decahydronaphthalene and water; curve 3, cyclohexane and water; curve 4, 
n-decane and water. 


TABLE 4 
Equations for calculating interfacial tension 


HYDROCARBON EQUATION 


cis-Decahydronaphthalene.......... 52.26 — 0.0275¢ 


© 
Il 


trans-Decahydronaphthalene................. y = 52.20 — 0.04102 
Gyciohexane: ty. a. b. reve bia. Ws yeaa: weed: y = 51.79 — 0.0395¢ 
Pe CCAN Csr saw pha foarte: Mote PENA ok Maemrardxs y = 52.11 — 0.04438¢ 


before reading the height of the meniscus for the large tip. This is not strictly 
correct and yet there seems to be no immediate way around the difficulty. 
The results are shown graphically in figure 3. Assuming a linear relationship 
between temperature and interfacial tension and using the method of least 
squares the equations in table 4 were developed. Here y is the interfacial tension 
and ¢ the temperature. At the critical solution temperature, if such were to exist, 
y = 0. In all cases this gives a value for the critical solution temperature well 
over 1000°C.; this value is obviously meaningless, since it is way above the critical 
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temperature of any of the compounds. It shows that there can be no critical 
solution temperatures for these systems, because complete miscibility can only 
occur in the gaseous phase. One would therefore expect that in the case of all 
the systems the solubility of one component in the others will be extremely 
low. However, it should be pointed out that in these systems absence of mutual 
solubility does not by itself explain the deviation from Antonoff’s rule, as will be 
seen from table 5. 

Table 5 brings out the influence of the steric factors in the formation of an 
interface. It would appear that in the case of the normal paraffin hydrocarbons 
a minimum is reached in the difference between the calculated and found values 


TABLE 5 
Calculated and found values of interfacial tension 


INTERFACIAL TENSION 


SYSTEMS AT 20°C. Calculated from 
surface tensions of Found Difference 
pure compounds* 
cis-Decahydronaphthalene + water.... 40.57 51.74 vi es 7 
trans-Decahydronaphthalene + water. . 42.86 51.40 8.54 
Cyclohexane - water... 0) ..os80 4. e400: 47.45 51.01 3.56 
Deécane: =~ waiter (ae ue ee | 50.35 51.35 1.00 
Octane’=— water. 7 cee Ate 50.04 50.81 0.95 
Hexane! awa ber act ecadaritisemcn aoe ee 53.94 51.25 2.69 
* Mutual solubilities are so low that the effect on surface tension is negligible. 
TABLE 6 
Work of cohesion and work of adhesion for several hydrocarbons 
HYDROCARBON WORK OF COHESION WORK OF ADHESION DIFFERENCE 
cis-Decahydronaphthalene...... | 64.36 | 53.50 10.76 
trans-Decahydronaphthalene..... 59.78 50.90 8.98 
Cyclohexane so nection 50.60 | 47.04 3.56 
Dec andres reek te 44.48 | 43.75 0.73 
OChanie sin peeing ee 43.42 43.49 —0.98 


of the interfacial tensions. A rather striking aspect of column 4 is that the inter- 
facial tension value of all the hydrocarbons at 20°C. against water is nearly the 
same irrespective of molecular weight or configuration. One must conclude from 
this that all the hydrocarbons present a similar face to the water surface. This 
could occur if the molecules in the hydrocarbon surface were oriented and held 
in a position analogous to that which exists in their solid state. In such a case 
the cyclic compounds would rest edgewise in the surface layer so as to present 
one or possibly two —CH,— groups to the water, while the normal hydrocarbons 
would lie with their long axis in a plane parallel to the water surface. It is inter- 
esting to note that the interfacial tension temperature coefficient, dy/dt, of 
trans-decahydronaphthalene and that of cyclohexane, which is now also con- 


st 
y 


ae 
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sidered to be in the trans form, are very nearly the same. The value of the cis 
form is very much smaller. In this case all that can be said is that, since dy/dé 
is a measure of the entropy of the surface, the interfacial tension coefficient of 
the cis isomer with water is lower than that of the trans isomer. It is of further 
interest to note that the work of cohesion and work of adhesion tend to approach 
each other in the case of decane and octane, as seen in table 6. The difference 
is very nearly equal to that between the values found and those calculated by 
Antonoff’s rule. The exact significance of this is difficult to explain until reliable 
values of the actual solubilities of these hydrocarbons and water are known. 


SUMMARY 


1. The interfacial tensions of several cyclic and normal paraffins against water 
have been measured between 20° and 70°C. by the differential bubble pressure 
methods. 

2. The interfacial tensions appear to be a linear function of temperature over 
the range investigated. 

3. The interfacial temperature coefficients of the trans forms show a marked 
difference from that of the cis form of decahydronaphthalene. 

4. Antonoff’s rule is closely obeyed by octane and decane, for which the 
difference between the work of cohesion and that of adhesion approaches zero. 
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INTERMITTENT HEATING FOR AIRCRAFT ICE PROTECTION, 


WITH APPLICATION TO PROPELLERS AND JET ENGINES 


Myron Tribus, Ph. D. * 
SUMMARY 


The equations for intermittent heat transfer during icing 
conditions are presented and solved by means of an electrical 
analogue. The results of the analogue investigation are com- 
pared favorably with measured time-temperature data previously 
reported in the literature. The analysis shows that contrary 
to the experience with steadily heated ice prevention systems, 
the energy requirements for ice prevention using intermittent 
heating decrease with increasing ice accretion rate. Corrobor- 
ative evidence is found in the literature. The thermal analyzer 
is used to demonstrate how the protection afforded for propeller 
de-icing may be increased without an increase in the energy re- 
quired from the airplane's electrical supply and without major 
redesign of existing propeller heaters. In the case of jet en- 
gine guide vane de-icing, for a typical installation the indicated 
power requirements are one kilowatt per engine. In each case the 
minimum energy requirements occur when large amounts of power are 
applied for very short intervals of time. Suggestions for further 
reductions in power are given. 


SYMBOLS AND NOMENCLATURE 
a radius of droplet, ft 
surface area, £t? 
dimensionless modulus, 
barometric pressure, in. Hg. 


A 

b 

B 

C chord length, ft 
G unit heat capacity of air, BTU/lb F 
C 


p 
D. unit heat capacity of ice, BTU/1lb F 
Cp unit heat capacity of water, BTU/1b F 


*Member, ASME. Assistant Professor of Engineering, University of 
California, Los Angeles. Consultant in heat transfer to the 
General Electric Company, Aircraft Gas Turbine Division, West 
Lynn, Mass. 
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E fractional catch, local. Dimensionless ratio of number 
of intercepted droplets to number of droplets directly 
ahead of surface. 


Ey fractional catch, total. Dimensionless. 


AE/E dimensionless ratio of local water catch rate for an 
element of area to the catch rate of the entire airfoil. 


2 


f. unit thermal conductance for heat transfer, BTU/hr ft” F 
I. conversion constant 32.2 ft/sec” 
J conversion constant 778 ft 1b/BTU 
k thermal conductivity BTU/hr ft? (F/ft) 
by heat of vaporization or sublimation, BTU/1b 
p vapor pressure of water or ice, in. Hg. 
Pe vapor pressure of water or ice at surface, in. Hg. 
p vapor pressure of water in free stream, in. Hg. 
A) heat flux, BTU/hr 
r "recovery" factor, dimensionless 
Ru Reynolds Modulus, dimensionless 

Bits 2 Uc Qa 

wy 


Rie rate of water impingement, lb/hr £7 


Ss distance measured along surface of airfoil from stag- 
nation point, ft 


t temperature, F 
t, surface temperature, F 
temperature, R 
Ug free stream velocity, ft/sec 
w liquid water content, grams/meter™ (or lb/ft”) 
Xx distance, ft 
density of air, lb/ft® 


oO 


Oo functions defined in equations 3, 4, 5 and 8, F 


9) 


7o free stream temperature, F 


a scale modulus, dimensionless 
WV a IC Pp, 
Bac 


Py mass density of air, slugs/ft° 


Pa mass density of the droplet, slugs/ft® 


oat viscosity of air, lb sec/ft” 


INTRODUCTION 


ExtenSive analytical methods have been devised for the design 
of ice prevention equipment for surfaces utilizing continuous 
heating. (19, 28, 37, 39) No similar analysis has been made for 
the case of intermittent heating. By experiments with propellers 
it has been found that the periodic application of heat to pro- 
peller blades provides better ice protection than the continuous 
application of heat and requires less energy. 


A literature search revealed few reports of significance in 
this regard. (1, 2, 3) Reference 1 treats the problem the most 
thoroughly, attempting to account for all the known factors. 
However, the analysis therein treats a propeller without regard 
for the heat transfer processes occurring in the blade. Refer- 
ences (1) and (2) suggest the melting of specified thicknesses of 
ice at the ice-blade interface as a criterion for successful ice 
prevention. This criterion is not considered justified and the 
analysis which follows considers that the ice adhesion will be re- 
duced to zero when the surface reaches the freezing point. 


Considerable experimental data dealing with propellers have 
been reported, but little correlation has been attempted. (Arno: 
Bedi 5) . 


EQUATIONS FOR ENERY TRANSFER AT THE ICE SURFACE 


The energy balance at a point on the surface of a stream- 
lined body where supercooled liquid water is impinging is ex- 
pressed in words as: 


The heat transfer from 
beneath the ice surface EQUALS’ The heat loss by convection 


Minus the heat gain from the 
frictional heating of the 
air 
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Plus 


Plus 


Minus 


Minus 


4. 


the energy loss by sublim- 
ation (or evaporation) 


the heat loss via sensible 
heating of the water 


the gain from the heat of 
fusion 


the gain from the kinetic 
energy of the droplets re- 
lative to the surface. 


When the surface temperature is above the freezing point there 
will be no benefit from the heat of fusion of ice and the fifth 
term on the right side of the above equation will be absent. 


In reference 32, the above equation was applied to the pre- 
diction of the energy required to maintain a small cylinder at 
the freezing point during icing conditions. As demonstrated in 
the above reference the energy balance may be written: 


(os 
= foALts— 7a — 1 (Uoo/2, JCp) | + 2.29 fo LAB™! ( Ps — Poo) 


+Rw| 0.47 ts — To — 


For the purposes of calculation 
the following functions: 


] ty 32 °F 


it is convenient to define 


Rw Cp. 
oe aes (2) 
6, = (ts, B,b)=ts (1+ 0.47b) +2,29LB7'P. (3) 
G2= 82 (7—), B,b) =TJol(!+b)+2.29 LB™' Poo (4) 
r 


6) 


The equation for the heat flow f 
written: 


d= fc A( 6,-@- @5) 


rom the surface then is 


t.<32°h (6 ) 


(1) 
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@) 


When the surface iS above the freezing point the term for the 


heat of fusion is absent and the equation for the energy balance 


becomes: 


q= fcA [ts(1+b) +2.29 LB"! Ps] —[ To (1+b) + 2.29 LB! Poo] 


2 
~[%, +0] [ se 


Defining the function: 


| ere? 


the equation for the heat flow becomes: 


9 = fc A[ ( ts,B,b) — 4 (Tog, B,D)- 5(b,Uoo)] (9) 


The functions %, 92, 93 and 


figures la, lb, lc and ld for B 


are shown presented in 
equal to atmospheric pressure. 


A COMPARISON OF EQUATION 6 WITH EXPERIMENTAL DATA 


If the heat flow term in equation 6 is set equal to zero, 
the solution of the equation for the surface temperature yields 
a prediction which may be compared directly with experimental 


data. 
propeller heated intermittently 
ditions. During the "heat off" 
tures approached a steady state 
be used as a rather crude check 
flow term was not equal to zero 


Reference 34 gives measurements of the temperature on a 


while subjected to icing con- 
intervals the propeller tempera- 
temperature. These values may 
upon equation 6 since the heat 
but was presumeably very small. 


The data are not considered accurate to better than 5° by the 
experimenters and certain necessary measurements for the eval- 


uation of the terms which enter 


into equation 6 were not made. 


Nonetheless, tables I and II show the experimentai data and the 
predictions are in fair agreement ; all but a few of the cases 
Showing agreement within the 5-F limit. 
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FUNCTION, 8, 


TEMPERATURE 


-5 0 5 10 15 20 25 30 35 
SURFACE TEMPERATURE,t, ,F 


Fig. la Graph of 9, (t_, B, b) = t, (1 + 0.47b) + 2.29LB"1p_ for the 
case, B = 29.9 inches of mercury, L = 1218 BIU/I1b. (p, corresponds to 
the saturation pressure over ice at temperature t,) 
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TEMPERATURE FUNCTION, G8, ck 


| 
FREE STREAM TEMPERATURE, To , F 


Fig. lb Graph of 92 (70, B, b) =7m (1+ b) + 127b + 2.291B 1p, 

for the case R = 29.9 inches of mercury, L = 1218 BTU/1b. (pgm cor- 

responds to the vapor pressure of supercooled liquid water at tempera- 
ture ZH 
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TENSS ELE 


TEMPERATURE, t , F 


B = 29.9 inches of mercury, L = 1070 BTU/1b. (p corresponds to the vapor 


g ‘Fig. ld Graph of 6, (t, B, b) = t(1+ b) + 2.29LB71p for the case 
pressure of water at the temperature t) 
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12. 


The data of table II were obtained as follows: 


A. 


From the given radius and rpm the tangential velocity 
in the propeller disc was calculated for each measuring 
station, 


This velocity was added vectorially to the tunnel 
velocity which was reported as 120 mph for all tests, 
but which was not measured near the plane of the 
propeller during propeller operation. 


The above resultant velocity, the blade profile data 
of reference 34, the average droplet size of 50 
microns (approximate value) the tunnel air density 
and temperature were all used to compute the dimen- 
Sionless moduli Ru and W (See nomenclature, also 
reference 36.) 


Using the data of reference 31, a portion of which 

is reproduced in figure 2a and 2b, the rate of ice 
accretion on each measuring station was computed. 

The liquid water content of the tunnel at each radius 
was determined using the measured values reported in 
reference 34, figure 8b. (The spray devices did not 
produce uniform icing conditions in this portion of 
the tunnel. ) 


From equations given in reference 18 for laminar flow 
over streamlined bodies, the unit thermal conductance 
for heat transfer was computed. (The laminar flow 
values gave the best agreement. ) 


From the above values for f, and Ry,, the modulus b 
was computed. (See nomenclature. ) 


From the values of the resultant air velocity, free 
air temperature, barometric pressure and b, the 
functions 92 and 6, were computed using graphs 
Similar to figures lb and lc. 


Setting the heat flow equal to zero in equation 6 
the function 6, may be computed from 


Using this value of 6, and the value of b above, the 
value of t; was computed using a figure similar to 
figure la. 


A second test for equation 6 may also be made. Equation 6 


predicts that the temperature of an unheated surface exposed to 
icing conditions should begin to rise when the ice begins to form. 
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15. 


If the rate of icing is great enough, the surface should reach 32F. 
Reference 9 reports data of this nature. Figures 3 and 4 are taken 
from reference 9 and show time temperature histories on the surface 
of propeller blades heated intermittently.* This interesting fea- 
ture of these figures is that they show the temperature on the blade 
during the time the water sprays were turned on and before the 
heaters were energized. In figure 3 it can be seen that when the 
water sprays were turned on the temperature of the blade rose from 
20F to 32F without the addition of heat from the heaters. This 
latter experiment was conducted with a relatively high liquid 
water content in the tunnel. Note that the temperature rise on 
the blade is larger than that produced by the electrical heaters. 
Figure 4 demonstrates a similar effect, only this time the liquid 
water content is much lower and the temperature does not rise to 
the freezing point. 


TEMPERATURE VARIATIONS ON A PROPELLER WITH INTERMITTENT HEATING 


Although insufficient data were available for a careful com- 
parison between the predictions of the present analytical treat- 
ment and the temperature time measurements of Lewis (34), a few 
cases were considered in order to check whether the analysis would 
predict results yielding the same order of magnitude. 


Figure 5 shows the type of heating system used by Lewis. The 
heating pads consisted of 0.048 inches of rubber cemented to the 
blades, nichrome heater wires and 0.024 inches of rubber as an 
outer layer. 


The heat flow circuit was idealized as follows: 


Consider a small section of the blade, as in figure 6c, 
and note that the heat from the nichrome ribbons flows 
partially outward and partially inward towards the 

blade. The heat which flows inward flows along the 

steel blade to the cooler trailing edge. The heating is 
not steady and a good deal of energy is used in heating 
up the rubber and steel. For the calculations, the heat 
flow was postulated as occurring normal to the rubber 
layers in the rubber and parallel to the steel surface in 
the metal. 


*A more detailed analysis of the data of reference 9 will be pre- 
sented soon by Mr. Frederick Weiner of the Engineering Department, 
University of California, Los Angeles. Using the same methods as 
presented herein, excellent agreement between measured and pre- 
dicted temperatures was obtained. 
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(From figure 10a ref. 9) 
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—— UNHEATED BLADE 


TIME, SECONDS 


Fig. 4 Measurements by Lewis for internally heated blade. Liquid 


water content of air, 0.3 grams/meter 


(From figure 10d ref. 9). 
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Fig. 5 Layer details of heaters used in propeller tests by Lewis. 
This construction is typical of presently used heaters. 
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The University of California Thermal Analyzer has been con- 
structed for solving problems of the type represented by the net- 
work of figure 6. The thermal analyzer consists of a large num- 
ber of resistors and capacitors conveniently arranged in a frame 
with terminals on a panel for ease of interconnections. The 
equivalent networks used in this investigation were constructed 
according to the relations given in Table III. A sample calcul- 
ation of the values of the resistance and capacitance for one case 
is given in the appendix. 


TABLE III 
QUANTITY ELECTRICAL THERMAL 
Flux 0.08 milliampere 3.413 BTU/hr (one watt) 
Potential 4 volts one degree Fahrenheit 
Time 1/4 second one second 
Resistance 172 Kilo-ohm one °F/ (BTU/hr) 
Capacitance 5.2x10% microfarad one BTU/°F 


The heat flow from the surface of the rubber to the Surroundings 


is not a linear function of the temperature, hence the linear 
elements of the thermal analyzer could not be combined to complete 
the network of figure 6. Figure 7 shows the rate of heat flow from 
various segments of a propeller blade calculated in accordance with 
equations 6 and 9 of this report. Figure 8 shows the non-linear 
network constructed to produce current-voltage characteristics 
analogous to figure 7. Figure 9 shows a comparison between the 
measured behaviour of the analogous network and the thermal system. 
Constant current sources and a timer were constructed to provide 

an analogy to the intermittently operated constant power heaters. 
Figure 10 shows a photograph of the thermal analyzer and the as- 
sociated equipment. 


The behaviour of the non-linear network was computed using 
equations 6 and 9 for each of the five segments of the propeller. 
Data for the segments were taken from drawings donated by the 
Curtiss Wright Corporation. A separate computation was required 
for each segment. The heat transfer resistance represented by 
the ice was omitted as small in comparison with the uncertainties 
in the thermal conductance due to convection. 


The appendix gives the details of the computations required 
for one calculation. 


Figures 11, 12 and 13 show comparisons between the analyzer 
predictions and the measurements of Lewis. Better agreement could 
be obtained by varying the value of the unit thermal conductance 
by 20% or by comparing the measured values with predicted tem- 
peratures just beneath the rubber surface, as in the case of a 
thermocouple imbedded in the rubber and partially insulated from 
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Fig. 7 Computed values for the heat flow from the segments of a propeller 
blade during icing conditions. (925 rpm, free stream temperature 2°F, 
radial station 3.02 ft, air velocity 120 mph, liquid water content 0.20 
grams/cu. meter). 
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Fig. 9 Behavior or non-linear network shown in figure 8 when the para- 
meters are adjusted to approximate the heat transfer characteristics of 
segment 3 of figure 7. The straight dashed line segments represent the 
electrical network current-voltage characteristics. 
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$4 
MEASURED BY LEWIS 


OMPUTED BY ANALYZER 


~ TEMPERATURE 


TIME , SECONDS 


Fig. 12 Time temperature history on a propeller blade. Same conditions 
as figure 11 but with r/R = 0.58. The lower curve corresponds to the 
afterbody of the blade. 
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TIME , SEGONDS 


Fig. 13 Tunnel temperature Tice: 925 rpm. 


See figure 30b of reference 34 
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the surface. Because of the many uncertainties mentioned before, 


no further analysis of these data was attempted. 


The thermal analyzer permits easy measurement of some of the 
variables which are not readily determined in full scale tests on 
a rapidly whirling propeller. For example, figure 14 shows the 
rate of heat flow from the heating wires to the metal blade during 
one cycle. This figure is significant because it reveals that ai- 
most two-thirds of the energy put into the heating elements flows 


to the blade rather than the ice. 


Since so much of the energy goes to heating up the blade 
metal, the equilibrium temperature of the blade when there is no 
heating assumes considerable importance. A conclusion to be 
drawn from this fact is that less energy should be required for 
ice protection as the ice accretion rate increases, all other con- 
ditions remaining the same. A search of the literature did not 
reveal corroborative evidence beyond the one experiment given be- 
low and taken from reference 9 since apparently this matter has 


not been considered important to other experimenters. 


Table IV 


demonstrates that the change in liquid water content in this test 
made a very great difference in the reported de-icing effective- 
ness. Unfortunately, these two runs are the only ones available 


for comparison. 


TABLE IV 


RUN RPM AIR LIQUID HEAT ON CYCLE TIME HEATER POWER DE-ICING 


TEMP WATER EFFECTI VE- 
NESS 
oF grams, seconds seconds watts/blade % de-iced 
meter area 
T 800 5 0.3 40 160 1,000 20-20 
U 800 5 0.4 44 160 1,000 60-70 


(reproduced from table II of reference 9) 


This last result is of very great technical importance. The 
practice in testing de-icing equipment is to test under "Severe" 
conditions. For example, reference 34 reports that the rates of 
icing in the tunnel were less than those recommended by the NACA. 
However, the recommended values are high liquid water contents in 
the air stream and the equipment would have shown up better in these 


"severe" conditions than it did in the tests as reported. 


IMPROVEMENTS WHICH MAY BE MADE IN PRESENTLY OPERATING PROPELLER 


DE-iCERS. 


Figure 15 shows a comparison of time temperature histories on 
a segment of a propeller blade wherein a constant energy input 
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TEMPERATURE F 


TIME , SECONDS 


Fig. 15 Effect of varying power density at constant energy. 
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was maintained but the time of application was varied. If the time 
of application is decreased while the power is increased the surface 
temperatures rise to higher values. Considerable improvement in ice 
protection should result, then, if the propeller is divided into 
three sections and instead of being heated with 10 watts/ sq. inch 
for twenty seconds, is heated one section at a time with a power 
density of 30 watts/ sq. inch for 6.6 seconds. The airplane's 
electrical system would have to supply the same amount of power 

but the protection would be enhanced. 


AN APPLICATION TO JET ENGINE GUIDE VANE DE-ICING. 


Figures 16a and 16b show a jet engine guide vane and the method 
of constructing the analogous electrical circuit representing the 
heat flow paths when electrical heating is applied to the guide 
vane. The configuration chosen for detailed study on the analyzer 
was a guide vane with the heat applied uniformly to the leading 
edge only. (It turns out that this is not an efficient heat dis- 
tribution). Table V indicates the cases chosen for study of the 
guide vane de-icing problems. 


TABLE V* 
CASE AIR TEMP. ICING AIR VEL- LIQUID UNIT THERMAL CONDUCTANCE 
AT BLADE RATE  OCITY WATER LEADING TRAILING 
PAST CONTENT EDGE EDGE 
BLADE 
OF in/min ft/sec grams . BTU/hr sq ft °F 
(meter) 
I 2 0.035 463 0.10 50 92 
II 2 0.14 463 0.38 50 92 
III 1l 0.042 175 0.30 30 42 
IV 11 0.14 175 1.00 30 42 


The surface area, both sides, for each segment, leading or 
trailing edge, was 7.63 x 10-3 sq ft. 


Figure 17 shows the computed heat flow characteristics while 
Figure 18 shows the completed electrical network. Figures 19a and 
19b, show typical data. 


CONCLUSIONS CONCERNING THE ENERGY REQUIREMENTS FOR JET ENGINE GUIDE 
VANE DE-ICING. 


The analysis of the data obtained from the thermal analyzer for 
the stainless steel guide vane indicates that the spanwise heat con- 


*The peculiar mixture of units appearing in this table is the result 
of the present state of the art in ice prevention. The meteorologist 
reports data in the CGS system while the icing observers are habit- 
uated to measuring ice accretion in inches/minute. 
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Fig. l6a 


Fig. 16b 


Fig. 16 Typical guide vane (A) and equivalent network (B). 
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17 Heat flow from guide vane leading edge half for conditions given 


in table V. 
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2 0095 463 
2 0380 463 
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TIME, SECONDS 


Fig. 19b 


@ vic. 19 Typical data obtained from analyzer. In fig: 19a;° the’ power 
density was 4 watts/in2. In figure 19b, /p = Uke) Un =.175 ft/sec 
LWC = 0.300 


TeF7OG eat F Rel 
see \It 2Vi 


: ‘ 4 ‘ 4 
sey eectyisaia ie eee. ov y Se, ere shane 
7 : ; : 
f : ; : , 
¢ : { 7 | % 
: ; 2 : ; 
; 2 > ee 
ee ee ee .. a ee eee Tent ee 


ait at -yxesylane mo7? bead 
sk Sal Se 


i ME gt 
can 2ec0 2 
sae UStO s 
o OS Te: OFF 
ROE: 


- 
oe 


a 
j a 
-- 


USE mira went pe 
¥ ‘ 
Z i 
4 i 
> 
; ; 
} i ‘ 
a me | 
ft 
} : 
Li 
: pres Gee t= 
; wramemcay errant ra RF 
{ : 
! : — 
: Y oe oy see: na 
4 Line 
i 
; 
t 
- + oeten 
“ er 
tr 
ote 
by Vea dee } 
gee ‘ 
~~ 
‘ 
4 
Te ; ; 
: . 
Pr 
2 oof 
: 
= 
2 ‘a ~ i 
| 
7 
- mS ; 
“4 
: 
~ ary ne 
i ? » A 


4 

: 
ohms 

} 


j vpn ihn arin Ns nnn 
| 


| 


GSS. Ot O91 


20M0232.aMIT 


is ni 
(a 


det .9tt 


us 


at 10k onigeh 


36. 


duction is not very large and that if the entire vane is subjected 
to icing conditions, the entire vane must be heated. The most 
economical heating system will be one which does not heat any 
portion of the blade hotter than the average temperature. Such 

a system yields a very simple type of thermal network for the con- 
duction of heat between the segments may then be put equal to zero. 
The circuit representation of figure 18 may then be simplified to 
the diagram figure 20. A conservative design results if the non- 
linear network is replaced by a linear element having an impedance 
equal to the lowest value occurring during the cycle. Figure 21 
then shows the conservative simplified circuit. 


The lowest value of the impedance occurs when the highest tem- 
perature is attained across the non-linear portion of the thermal 
network. In a good design the maximum surface temperature will be 
in the neighborhood of 32°F. Page 101 of reference 28 shows at 
this surface temperature that at sea level and low outside air tem- 
perature the evaporative term accounts for 30% as much heat trans-— 
fer as the convective term in the energy flows at the surface of 
the ice. The benefits from the heat of fusion are zero at this 
temperature. The lowest resistance across the non-linear portion 
of the network is therefore taken equal to (1/1.3) C1724). The 
maximum energy requirements for ice prevention will occur at low 
temperatures and when the rate of ice accretion is very low. In 
arriving at the conservative design, then, the contributions from 
the heat of fusion will be put equal to zero. 


The time temperature variation in a circuit such as shown in 
figure 21 is given by: 
Ath r/R (10) 
aR = | c 


R 


Solving the above equation for q and multiplying both sides 
by time, 9, yields: 


qa =cat['%rc)/ (1-e Are )] (11) 


The total energy required, then, is proportional to the ther- 
mal capacitance of the vane multiplied by the temperature rise and 
multiplied by a function of the dimensionless heating time. Figure 
22 shows the variation in energy required versus dimensionless 
heating time. The minimum energy required, of course, is the 
energy required to heat the guide vane through the stipulated tem- 
perature rise. 


From figure 22 it is seen that the total energy required 
diminishes with decreasing heating periods, That is, short inter- 
vals of high power application are more effective than longer in- 
tervals at low powers. The graph indicates that little gain is 
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NON LINEAR 


Fig. 20 Simplified representation of thermal circuit for efficiently 
heated guide vane. 


Fig. 21 A conservative simplified network for the efficiently heated 
guide vane. 
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Fig. 22 Energy requirements for guide vane de-icing as a function of 
heating time. ‘ 
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had in taking the dimensionless time less than 0.10. For very 
Short heating times, however, the correspondence between the dis- 
tributed system behavior and the network approximation will be 
less close. The deviations, however, will be such as to yield a 
conservative design. 


As an example of the application of the above results, con- 


Sider a guide vane where the following conditions obtain (as in 
PY) case I, table V.) 


) Unit thermal conductance 66 BTU/hrasq ft OF 
Surface area 15. 2Gex6i10 peaked ett 
Ambient temperature -40°F 
Dimensionless heating time 0.1 
(Thus requiring 1.05 times the minimum energy) 
Weight of guide vane 0.13 pounds 


Unit Heat Capacity of guide vane 0.1 BTU/ 1b °F 
Design temperature rise (to 35°F) 75°F 


Therefore, 
q9 = 1.05 CAt 
= 1,05 x 013 x 0.1 x 75 
= 1.03 BTU/ blade cycle 
On ORG 
R= (1/13) (1/66) (1715.26) 105 °F / (BTU/hr) 
C = O13 x O1 BTU/°F 
yay 2 Ord 0,1 103 


2x 66r% 15:2 


('02 x 107° hr’ = 3°6 seconds 


03 x 103 = 101 x 103 BTU/hr = 296 watts 


If each guide vane is to be unheated (and, therefore, per- 
mitted to gather ice) for a maximum time of one minute and there 
are 51 guide vanes per engine, they may be heated in groups of 
three with a continuous power required from the airplane of less 
than one kilowatt. It may be found more economical from the point 
of view of saving weight to use a greater amount of power than 

») Seventeen separate connections might permit. This is a matter of 
special consideration for each installation. 
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The power required for ice prevention may be further reduced 

Q by designing the blades in such a way as to diminish their thermal 
capacitance. Fewer blades, each blade of larger dimensions and 
possibly hollow blades might be utilized to diminish the energy 
requirements. The larger blades will have lower values of unit 
thermal conductance. The application of the heating elements in 
such a way as to partially insulate them thermally from the vane 
will also serve to reduce the energy requirements. 
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APPENDIX 
A SAMPLE CALCULATION FOR THE CASE SHOWN IN FIGURE 1l. 


The following will serve to outline the calculations required 
to permit adjustment of the thermal analyzer to produce the data 
shown in this report. 


Briefly, from the geometrical data given in reference 34 the 
blade characteristics may be determined. Since the exact blade 
construction was not specified a blade donated by the Curtiss 
Wright Propeller Division was sectioned and measurements made 
directly. From these measurements and blueprints and the pro- 
perties of steel and rubber the thermal circuit representative 
of the blade and its heater was constructed. 


From the given rpm, blade station, liquid water content, 
tunnel temperature and wind velocity, the heat and mass transfer 
properties of the blades were determined. Knowledge of these heat 
and mass transfer characteristics permitted adjustment of the non- 
linear networks. 


From the given data concerning the heat inputs to the various 
blade stations, the constant current sources were adjusted. 


Figure A-1l shows a full scale view of the propeller section 
used for station r/R = 0.58. 
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Figure A-2 shows the "equivalent" ideal lumped thermal cir- 
cuit representative of the propeller section shown above. 


SEGMENT 2 SEGMENT | 
R4 R3 R2 RI 
ac “Te 
R5 Cz Cl 
SEGMENT 3 
ICc3 
RG SEGMENT 4 SEGMENT 5 
R7 R8 R9 RIO 
"lt4 We 


For example, the value of resistor R4 of figure A-2 was calculated 
as follows: (See reference 14). 


The thickness of the metal blade ‘ 
at the center of segment 2(d5) and at , aan eee G2 
the forward end (d,) were measured. 4 apa a 
The length of the half segment was 1" 


measured (x). 


The resistance to heat transfer (per inch span) is given by: 
eX 
R= ———. 
ky (d,+d2) 
X = (0.80 / 1I2) ft: 
(d\ + do) 
Se 
k = 14 BTU / br. ft2 (°F / ft.) Baek / (BTU/hr) 


= (0.15/12) ft. HENCE 
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The thermal capacity of segment 2 is obtained by measuring 
the cross sectional area and multiplying by the depth to obtain 
the volume. This volume when multiplied by the density and heat 
capacity of steel yields the thermal capacity. 


C 


( volume ) x ( density ) x ( heat capacity ) (A-3) 


C, 


8.09 BTU /°F (inch span ) (A-4) 


Using the data of table III, the analogous electrical re- 
Ssistor and capacitor are found to have values of: 


R electrical 


805 KL (A-5) 


Celectrical = 36.2 “fd (A069 


Table A-1 shows the thermal properties used for the rubber 
and steel. 


TABLE A-1 
Rubber Steel 
Thermal Conductivity, BTU/hr £t7 (OF/ft) 0.147 14 
Density, pounds/cubic foot 91 492 
Unit Heat Capacity at constant pressure 0.406 0.12 


BTU/1b OF 


The layer details of the rubber pads cemented to the blade 
are given in figure 5. 


The completed lumped circuit, including elements representing 
the rubber pads and the blade, but not the non-linear networks, is 
Shown in figure A-4, 
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Using the data on the propeller rpm, radius, etc. from refer- 
ence 34, the unit thermal conductance and the icing rate for each 
segment of the propeller blade section were calculated. Table A-2 
Summarizes the given data and the results of the calculations. 


TABLE A-2 
GIVEN DATA 
Propeller radius 5.208 feet 
Radius ratio (r/R) 0.58 
rpm 925 
Free stream temperature 2°F 
Tunnel wind velocity 120 mph 
Average droplet diameter 50 microns 
Barometric pressure 142 BS a a s Feats 
Chord Length 10.0 inches 
Thickness ratio 0.12 
Local Liquid Water Content 11.2 x 10-6 1b/tt? 
COMPUTED DATA 
Relative velocity at this radius 363 ft/sec 
Scale Modulus (vy) 112 
Reynolds Modulus of droplet 495 
Fractional catch for airfoil, E 0.80 
M 


For each segmental area the ratio of water catch over that 
segment to the total water catch was computed using the data of 
figure 2b. This ratio is represented by the sumbol A E/E,. 
The unit thermal conductance was determined from reference 18. 
The length of the segment measured along the surface of the air- 
foil, expressed as fraction of chord length is given by the sym- 
bol AS/C. The value of b was calculated from the equation: 


E yy ( thickness /chord ) U (3600) (Liq. water content) (AE/E,) 
eS Gime 


Laminar flow was taken for segments 2, 3, 4. Turbulent flow was 
taken for segments 1 and 2. 


(Table A-2 cont'd.) 
Segment A S/C A E/E f b 
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Segment A s/c A E/E, in 
3 0.12 0.56 41 
4 0.16 0.29 19 
5 0.15 0.12 66 


47. 


b 


0.159 
0.133 
0.017 


The variation in heat flow with surface temperature was 


plotted as shown in figure 7 using equations 6 and 9. 
calculation was required for each segment of the blade. 


A separate 
Each of 


the five non-linear networks was then adjusted to match the cal- 
culated heat flow versus temperature curves as shown in figure 9. 
The equipment was allowed to cycle ten or more times under the 
control of an automatic tiner adjusted to give six seconds on and 
eighteen seconds off. The current inputs to each of the five seg- 


ments were as Shown in table A-III. 


TABLE A-III 


Segment Current (milliamperes) 


0.00 
0.96 
1.08 
0.96 
1.10 


OR ONDE 


These current inputs correspond to the heat inputs of figure 
14b in reference 34. Figure A-5 shows a set of typical data 


obtained in this fashion. 
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CURRENT 
SUPPLY 
° 229 229 0.0MA 116 116 
x ° 
x* =<" 
214 214 O96MA ing 1088 
M S 
“T8.0 _[- 40 
200 286 PAG cen 142 ee 
t : ~ 
Sr eee “[8.0 Ib 
.96MA 
1070 214 giaeee 108 los g 
“a. Me 
=r 1x =o ast 
1410 229 229 Phase 116 16 5 
Zo ~ 
—T 410 =[-906 1-468 


RUBBER ~ LAYERS 
5! 751 75! 75i 75! 751i 75! 75 


TeTeT 


AFTERBODY OF PROPELLER BLADE ae 
1 ¢o) Se (0) RY 6) | 75I = 75tS 75 


8.8 88 8.8 
312 312 312 


R=kQ 

C= utd 

S=@SURFACE OF HEATERS EXPOSED TO IciING (NON LINEAR NETWORKS 
ATTACHED HERETO 


Fig. A-4 
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Figure A-5. A typical record obtained from the Brush recorder. 
The lower curve represents the variation in surface temperature on 
the rubber pad while the upper curve represents the variation in 
blade temperature under the rubber heating pad. The scale is two 
degrees Fahrenheit per division vertically and four seconds per di- 
vision horizontally. The accuracy of the recording equipment is 
estimated as one whole division, or 2°F. The lowest line on the 
recording tape, corresponds to 18°F which is the sum of the tunnel 
temperature (2°F) and the contribution of aerodynamic heating at 


this station (16°F). 
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Laboratory Demonstration Experiment—A Link 
between “Fundamentals” and “Applications” 


By D. ROSENTHAL and H. BAER 


Department of Engineering, University of California, Los Angeles 


1. Introduction: One of the avowed 
purposes of Engineering Education ap- 
pears to be the teaching of the funda- 
mental physical and chemical principles 
and laws as they apply to the engineering 
practice. In accordance with this pur- 
pose the student is first exposed (usually 
in the sophomore and junior years) to 
various courses, such as Mechanics, 
Strength of Materials, Thermodynamics, 
ete. in which the emphasis is on Funda- 
mentals. To be sure the Fundamentals 
are slanted toward engineering applica- 
tions, but the latter are generally treated 
as illustrations of methods of solution 
rather than as an aim in itself. The true 
applications come later. They are the 
subject of separate courses (usually in 
the senior year) known as: Structural 
Design, Machine Design, Unit Operation, 
ete. Not only are the Fundamentals and 
Applications taught separately, but as a 
rule they are taught by different instruc- 
tors. This in itself is not a bad practice 


‘gemeovided the two groups of instructors 


eye to eye and work asa team. In the 
past the teamwork left much to be desired. 
In the cases in which the “Fundamentals” 
were treated with the necessary mathe- 
matical rigor they were entirely ignored 
in the “Applications,” partly because the 
instructor in charge scorned at the “high- 
brow” mathematics, partly because he had 
more faith in his experience than in the 
underlying principles. As a result the 
udent left the school under the impres- 
n that the “Fundamentals” were just 

a mental drill necessary for the attain- 
ment of the degree, but with no relation 


to the practice of the engineering pro- 
fession. Under the impact of modern sci- 
ence this attitude no longer exists either 
with the instructor in charge of “Applica- 
tions” or the student, but the necessary 
link between the “Fundamentals” and 
“Applications” is often missing in the 
instruction. A point in ease is the rela- 
tion between “Strength of Materials” and 
“Machine Design.” It has been the au- 
thors’ experience both as instructors and 
students that in the mind of the student 
only a tenuous link exists between these 
two subjects. To be sure the student 


Fig, 1. 
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LABORATORY DEMONSTRATION EXPERIMENT 
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knows that the design of some of the 
machine parts is based on formulas of 
“Strength of Materials,” but he is usually 
unaware of their limitations, and he is 
generally incapable to apply the methods 
which lead to these formulas. As a result, 
he is at a loss to explain the discrepancies 
between theory and experiment or assess 
the limits of the experimental error, when 
faced with the results of actual measure- 
ments. It is the authors’ opinion that the 
cause of this deficiency lies in the lack of 
a proper transition between the “Funda- 
mentals” (as taught in the sophomore and 
junior courses) and the “Applications” 
(as given later in the laboratory and 
senior courses). To correct this short- 
coming an attempt has been made to pro- 
vide the necessary transition by means of 
a scheme described below. 


Fig. 3. 


2. The Laboratory-Demonstration Ex- 
periment: The scheme consists of having 
the student solve a problem at various 
stages of idealization: from its theoretical 
inception to its industrial realization. 

In the first stage the problem is in the 
nature of a computation. It is merely 
an application of principles and laws ex- 
pounded in a theoretical course. In the 
second stage the analytical solution is ob- 
tained experimentally on a model repro- 
ducing all theoretical assumptions as 
closely as possible. In the third and final 
stage the experiment is carried out on an 
existing industrial system or machinery. 
This last step no longer forms a part of 
the “Fundamentals.” It appears in a later 
year as a part of ”’ Applications,” and the 
experiment is performed not as a ch 
of the theory, but as an inspection or te 
of the system or machinery. 

The first and third stages of the scheme 
are not new. They have been improved 
continually. Thus, in the first stage class- 
room demonstrations, sometimes of re- 
markable simplicity, and devices for vis- 
ualization of great ingenuity * ° have been 


1R. 8. Hartenberg, J. of E. E., Vol. 40, p. 
430. 
2A, J. Durelli, C. H. Taso and R. @ 
Jacobson, Ibid., p. 525. 

8A. D. Moore, Journal of Applied Physics, 
Vol. 20, p. 790. 
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NOTE~ Frame is Symmetric 
' Sections show only left half 


employed. The third stage was sometimes 
developed into highly complex and organ- 
ized systems, e.g., in some power plant ex- 
periments. But neither stage is believed 
to accomplish the aims of the second stage 
to which more specifically the name of 
“Laboratory-Demonstration Experiment” 
has been given. These aims are of a three- 
fold nature: 


@. From the experimental solution the 
student gets the real feeling of the quanti- 


4M. J. Zucrow, J. of H. H., Vol. 38 p. 482. 
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ties and methods involved in an otherwise 
abstract mathematical solution. 

2. By comparing the computed and 
measured values on the basis of the ex- 
perimental error he can assess for himself 
the validity of the principles and laws 
involved in the theory. 

3. When dealing with an actual system 
or machinery he is in the position to ac- 
count properly for the discrepancies re- 
sulting from the idealization of real con- 
ditions. 

An example of the scheme just described 
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is given below. This example has been 
in use for about two years. It is still 
somewhat premature to speak of the re- 
sults. That much appears certain: in 
order to serve its purpose the Demonstra- 
tion-Laboratory Experiment must be con- 
ceived in such a way that it can be op- 
erated by the student at any time and 
without supervision. That is, the student 
must be given time and opportunity to 
make mistakes and to correct them him- 
self, much the same as in his homework. 

If it is agreed that the ability to idealize 
the real conditions forms a part of the 
engineering thinking, and the ability to 
account for the observed discrepancies a 
part of the engineering judgment, then 
the proposed scheme accomplishes its 
purpose. 


3. Example; Stress Analysis of a Punch 
Press Frame. 


First stage. 
materials : 


Problem of strength of 


“Computation of Stresses Produced in 
the Frame Sketched, Figure 1.” 


Educational purpose: Application of 
the following principles and theories: 


a) Equilibrium of forces and moments. 
Free body diagram. Method of section. 

b) Principle of virtual work (or equiv- 
alent). 

c) Beam theory (curved and straight 
beam). 

d) Principle of elastic stability (column 
buckling). 


Second Stage. Testing of an idealin 
system : 


“Experimental Determination of Stres- 
ses Produced in the Frame, Figures 2 
and 3.” 


Educational purpose: Verification of: 


a) Hooke’s Law. Establishment of lin- 
ear relation between applied load and 
measured strain. 

b) Bernouilli’s Law. Establishment 
linear and hyperbolic strain distributio 
in the straight and curved parts of the 
beam. 


ec) Analytical solution. Determination 

of the influence of sharp and mild corners. 

d) Validity of the theory on the basis 

of the experimental error. Confidence in 
the experimental stress analysis. 


Third Stage. 
chinery : 


Testing of actual ma- 


“Determination of Safe Operating 
Loads in the Punch Press, Figures 4 and 
5.” 


Educational purpose: 


a) Idealization of the behavior of the 
punch press frame for the purpose of a 
theoretical analysis. 

b) Explanation of discrepancies _be- 
tween observed and computed values on 
the basis of 
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1) assumed idealizations, 
2) assumed mechanical characteristics. 


c) Use of Goodman-Johnson (or equiv- 
alent) fatigue diagram for the determina- 
tion of safe operating loads with and with- 
out the tie rods. 

d) Significance of stress raisers at 
sharp corners from the point of view of 
design. 

e) Improvement of efficiency by: 


1) residual stress (prestressing of tie 
rods), 

2) modification of design (rounding of 
sharp corners), 

3) substitution of a welded for cast 
frame. 


f) Consideration of rigidity (influence 
of the deformation of the frame on the 
tolerances of the punching operation). 
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Microwave Spectrum of Methyl Mercaptan 
F. KENNETH HurpD* AND W. D. HERSHBERGERT 
University of California, Los Angeles, California 
(Received February 9, 1951) 


HE study of the K-Band microwave spectrum of CH;SH 
is currently in progress. In the spectroscope, a 48-foot ab- 
sorption cell is used with a double modulation method which 
employs both wide range saw-tooth 60 cycle/sec modulation and 
narrow range sinusoidal 87 kc/sec modulation. This technique in 
conjunction with a low noise input circuit described by Good! 


TABLE I. Methyl mercaptan microwave spectra. Frequencies are 
known to an estimated 5 Mc/sec. 


Frequency Frequency Frequency 
(Mc/sec) (Mc/sec) (Mc/sec) 
19,909 22,414 24,485 
19,996 22,558.0 24,995 
20,052 22,561.24 25,015 
20,136 22,663 25,125 
20,163 22,830 25,145.0 
20,380 23,071.5 25,147.08 
20,645 23,075.08 25,150.5 
20,712.5 23,233> 25,152.08 
20,714.08 23,260 25,210 
21,058 23,340 PA AS) 
21,522 23,500 25,290.0 
215735 23,525.0 25,290.48 
21,770 23,532.34 25,565 
21,866 23,565 25,660 
21,878 23,622 
21,903 23,780 
21,945 23,805 
21,976 23,995 
22,270 24,072 
22,333 24,420 

24,455 


* For each pair of lines so marked the separation of the two lines of the 
pair is known to an estimated 20 percent and the mean frequency of the 
pair to 5 Mc/sec.. 

b The accuracy of this frequency assignment is considered to be good to 
ae [oeeea This is known by reference to an ammonia line at 23,232.20 

c/sec. 


for the 87 kc/sec amplifier and a low pass filter gives a sensitivity 
of 1X10~7 nepers/cm as judged by the ability to detect all of the 
weak N1!5H; lines tabulated by Kisliuk and Townes.? 

The observed spectrum consists of some 55 lines extending from 
19,940 Mc/sec to 25,656 Mc/sec with only a few scattered lines 
between 23,790 Mc/sec and 24,980 Mc/sec suggesting two group- 
ings of lines. The region from 25,656 Mc/sec to 25,920 Mc/sec 
which is the present upper limit of our equipment is void of lines. 
The complete tabulation of lines is shown in Table I, where the 
frequencies are given to an estimated 5 Mc/sec as measured by a 
wavemeter calibrated against the known frequencies of the NHs 
lines.” 

The interpretation of this spectrum has not yet been achieved. 
The CH;SH molecule is a slightly asymmetric rotator with mo- 
ments of inertia for the S* isotope? consistent with a pure rota- 
tional transition Jo=0—-Jo=1 at approximately 24,600 Mc/sec. 
Because of the small Boltzmann factor for all vibrational levels 
other than v;=0 this transition would be expected to yield a single 
strong line accompanied by a large number of extremely weak 
lines due to the excited vibrational levels. The 4.18 percent na- 
turally occurring S*4 would give a similar spectrum of intensity 
ratio 1 to 24 with respect to that of S*. The observed spectrum 
does not fit this scheme. There exists, however, the splitting of the 
torsional vibration v=0 level into three levels as a result of hind- 
ered internal rotation. This splitting depends upon the quantum 
number K in a complex manner.‘ Transitions between these levels 
could easily yield the large number of lines observed. 

* Physics Department. 

+ College of Engineering. 


1W. E. Good, Westinghouse Research Paper 1538. 
( 2 He rrre and C. H. Townes, J. Research Natl. Bur. Standards 44, 611 
1950). 

3 Russel, Osborne, and Yost, J. Am. Chem. Soc. 64, 165 (1942). 

4 Koehler and Dennison, Phys. Rev. 57, 1006 (1940). 


Multiple-Output Predetermined Counter 


IN CERTAIN INDUSTRIAL applications, 
single-output predetermined count- 
ers’? are not suitable and multiple- 
output predetermined counters must 
be used. In the multiple-output 
counter, output signals may occur 
at several predetermined points dur- 
ing the counting process whereas in 
single-output counters an output 
signal occurs only when a single 
predetermined count is reached. 
The circuit of a counter having a 
counting capacity of 2" and m pre- 
determined outputs is shown in 
Fig. 1. This counter consists of two 


SI2AXT 
1.5 NEG 


330,000 qj 


FIG. 1—Schematic diagram of a mul- 
tiple-output predetermined counter hav- 
ing a capacity of 2” and m predeter- 
mined outputs. Each NE51 socket con- 
tains a 50,000-ohm series resistor 


parts, a binary counter section and 
an interpretation section. The 
counter may have as many stages as 
necessary to give the desired count- 
ing capacity but with the component 
values shown there is a limit of 
about twelve stages. 

The binary counter uses a stand- 
ard circuit except for crystal diodes 
in the bias return of each stage to 
increase the ability of the stage to 
nected to the n 22-meg resistors are 
nonconducting, representing a total 


* H. R. Kaiser is now with Hughes Air- 
craft Co., Culvert City, Calif. 


By D. L. GERLOUGH AND H. R. KAISER* 
Institute of Transportation and Traffic 
Engineering 
University of California 
Los Angeles, Calif. 


disagreement between the counter 
contents and the switch settings, 
the apparent grid voltage of the 
coincidence detector measured with 
the tube removed from the socket is 
approximately 77.5 volts. With the 
tube in the socket the actual grid 
voltage will go only slightly positive 
because of grid current flow. 

When the contents of the binary 
counter are such that all plates con- 
nected to the  22-meg resistors are 
conducting, representing total 
agreement between the counter con- 
tents and the switch settings, the 
apparent and actual grid voltages 
will be approximately —6.5 volts. 
Between total agreement and total 
disagreement the apparent grid 
voltages will change in increments 
of approximately 10.5 for a counter 
of eight stages. 

Changing the grid voltage from a 
positive value to —6.5 volts will 
cause a 12AX7 to go from full con- 
duction to cutoff, resulting in an 
output signal. This signal may be 
adjusted to the proper level for 
succeeding equipment by means of a 
voltage divider. 

Because of the variations in the 
exact cutoff voltage of 12AX7’s, a 
potentiometer is provided in the 
grid return to adjust the bias for 
maximum output signal. 

In addition to the predetermined 
output signals, there is an output 
signal when the binary counter 
overflows. The multiple-output pre- 
determined counter with the com- 
ponent values shown has been op- 
erated successfully at frequencies 
up to 50 ke. 

In one application, an m-output 
predetermined counter has been 
used to distribute automatically 
counts into m + 1 class intervals of 
a statistical frequency distribution 
using a special recorder. This re- 
corder, whose circuit is shown in 
Fig. 2, employs m + 1 electrome- 
chanical counters. 


The electromechanical counter of 
stage 0 records the number of items 
having counts 0 or greater, but less 
than a,; the counter of stage 1 rec- 
ords items having counts greater 
than a, up to the maximum capac- 
ity of the binary counter, where a, 
to dm are the predetermined output 
settings of the m-output counter. 
Thyratrons are used to “remember” 
the greatest class interval to which 
counting has progressed. 


Sequence 


Initially, in the operation of the 
predetermined counter and recorder 
circuits, the thyratron of stage 0 of 
the recorder is fired and the thyra- 
trons of all other stages are extin- 
guished. As counting takes place, 
stage 0 remains fired indicating 
class interval 0 to a, until stage 1 
receives a signal from the first out- 
put of the predetermined counter. 
At this point the thyratron of stage 
1 fires and extinguishes the thyra- 
tron of stage 0 by means of the 
0.01-uf commutating capacitor. 

The thyratron of stage 1 remains 
fired until the recorder receives a 
signal from the second output, a., 
of the predetermined counter 
through stage m. If counting con- 
tinues after am, the memory thyra- 
tron of stage m remains fired indi- 
cating a count of a, or greater. 

The overflow signal from the 
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FIG. 2—Schematic diagram of statis- 
tical frequency-distribution recorder 
having m + 1 groups and m inputs 


binary counter may be used to cut 
off the counter input so that recycl- 
ing will not occur. When counting 
is completed, a 0.1-sec negative sig- 
nal is applied to the grid of the 
6AK6 at the left in Fig. 2, raising 
the screen potential on the 6AK6’s 
of stages 0 to m. This allows any of 
these tubes not biased to cutoff to 
conduct. 

The only tube not biased to cutoff 
will be the 6AK6 associated with 
the 2D21 thyratron which has re- 
mained fired. When this 6AK6 fires, 
its associated electromechanical 
counter in series with the electro- 
mechanical counter for totals is en- 
ergized and a record of the count in 
the appropriate class interval and a 
cumulative record of the number of 
items in all class intervals is pro- 
duced. After the recording opera- 
tion is completed, resetting signals 
are sent to the binary counter, the 
thyratron of recorder stage 0 and 
the thyratrons of the other stages. 
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FIG. 3—Block diagram of vehicle 


speed-distribution recorder 


The multiple-output predeter- 
mined counter and recorder de- 
scribed have been used as principal 
elements of a vehicle speed-distribu- 
tion recorder.® In this instrument, 
block diagram in Fig. 3, the times 
required for vehicles to traverse a 
specified distance are translated 
into counts by means of a 1-ke 
gated oscillator. 

Impulses from the roadway de- 
tectors pass through the rear-wheel 
inhibitor to open and close the gate. 
While the gate is open, pulses from 
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FIG. 4—Diagram showing sequence of 

operations within the speed-distribution 

recorder. The rear-wheel inhibitor 

blanks out signals from the roadway 

detectors long enough to permit the 
rear wheels to pass 


the 1-ke oscillator pass through 
the gate into the multiple-output 


counter via bus A, as shown in 


Fig. 4. As the gate closes, counting 
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FIG. 5—Diagram showing typical elec- 

tromechanical counter settings as set 

up by toggle switches on front panel 
of instrument 


is stopped and the recorder is set-in 
operation. The recorder registers 
the counts, Fig. 5, on an electro- 
mechanical counter for the appro- 
priate speed group. 

Speeds are divided into twelve 
class intervals By: setting up the 
time equivalents” ‘of the desired 
speeds. The upper panel of the in- 
strument contains the electrome- 
chanical counters for the twelve 
class intervals and the total. The 
center panel contains the toggle 
switches for setting up the prede- 
termined counter and the neon indi- 
cators for the binary counter. The 
lower panel contains the power- 
supply controls and meters. 

Credit is due J. Robert Hall for 
most of the construction of the 
vehicle speed-distribution recorder. 
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Mutual Solubilities of Hydrocarbons. 


III. 


Systems cis-Decahydronaphthalene— 


trans-Decahydronaphthalene, cis-Dehydronaphthalene—Tetracosane, cis- 
Decahydronaphthalene—Dotriacontane 


By WILtiaM F. SEYER, SUN YIP AND GORDON PYLE 


This paper comprises a continuation of the 
studies dealing with the mutual solubilities of 
hydrocarbons by the freezing point method. 
The following systems were examined; cis—trans 
decahydronaphthalene, cis-decahydronaphthalene- 
tetracosane (CosH50), cis-decahydronaphthalene— 
dotriacontane (C3:H¢). 


Experimental.—The bulb method was used for most of 
the determinations for two reasons. First, the effect of 
air and moisture could be avoided and, second, relatively 
small amounts of the materials were required. All the 
hydrocarbons used had been synthesized and purified by 
methods described previously. The m. ps. were as 
follows: cis-d. 43.27°, trans-d. 30.65°, tetradecane, 50.6°, 
and dotriacontane, 69.5°.1 

The cyclic isomers were dried over sodium and then 
allowed to run into the dried glass bulbs whose capacities 
were about 20 cc., by means of a small glass funnel. The 
composition was established by weighing the bulbs before 
and after each addition of hydrocarbon. Next the con- 
tents of the bulbs were frozen by means of Dry Ice evacu- 
ated to 0.1 mm. and sealed. This was done by allowing 
the tube to collapse about 5 cm. above the liquid level. 
Hence, there was only a very small amount of material in 
the vapor phase at any time. Also the tube was long 
enough to serve as a handle for manipulating the bulb in 
the cold-bath. 

Before measuring the f. p. the mixtures were shaken 
intermittently for several hours and then allowed to stand 
for at least twenty-four hours at room temperature to in- 
sure complete mixing. The mixture whose f. p. was to 
be determined was then frozen in an acetone-bath, cooled 
with a stream of carbon dioxide escaping from a reservoir 
of Dry Ice. Solidification having taken place, the tem- 
perature of the bath was then allowed to rise slowly 
until one or two small crystals remained. The tempera- 
ture was now adjusted so that the crystals showed no 
signs of growing or disappearing. After this temperature 
had been found, it was then held constant for ninety 
minutes and if no change in crystal size was noted, this 
was taken as the f. p. This performance was repeated 
twenty-four hours later to ensure complete mixing and to 
be able to observe whether there was any reaction between 
the components. This latter point was checked by re- 
moving the bulb contents and measuring the refractive 
index in a Pulfrich refractometer. Comparison of the 
readings with those of a previously constructed chart 
showed no change in composition had taken place. All 
attempts to get consistent temperature readings at the 
first appearance of crystals on cooling were unsuccessful. 
This seemed to be due to the large amount of undercooling 
required to bring about crystallization. 

The freezing point operations involving the two paraf- 
fin hydrocarbons below 30° were identical with that de- 
scribed. Above temperatures of 30°, the capillary tube 
method was used, as it was the most convenient. In this 
case, the solutions were made up in a weighing bottle. 
A sample of the solution was drawn into a weighed, thin- 
walled capillary tube, about 1 mm. in diameter, by merely 
placing it in the molten solution. The upper end was 
then sealed and the capillary tube inverted until the con- 
tents had drained to the bottom Upon solidification, 
the-loaded tube was weighed. The length of solid in the 
tube was about 2 mm. 


(1) Wm. F. Seyer, Ralph F. Patterson and John L. Keays, Tus 
JOURNAL, 66, 179 (1944). 


The capillary tube was then immersed into the bath with 
the sample adjacent to the thermometer and the whole 
heated until melting occurred. The rate of heating was 
regulated so that the temperature rise was less than 0.2° 
per minute in the vicinity of the melting point. The tem- 
perature where all the crystals disappeared was noted. 
The bath was next cooled until the white crystals of di- 
acetyl appeared, upon which the bath was heated again 
slowly until the last trace of crystals in the tube just dis- 
appeared. The temperature at this point was taken as 
the freezing point of the mixture. The procedure was 
repeated with two other capillaries of the same mixture 
until the readings agreed with one another. The point of 
disappearance of the crystals was fairly sharp. 

All temperatures were measured by a L. & N. platinum 
resistance thermometer, calibrated at the U. S. Bureau of 
Standards. The freezing points and mole fractions are 
given in the following tables: czs—trans-decahydronaph- 
thalene Table I, cis-d.—tetracosane Table II and cis-d.— 
dotriacontane Table III. 


TABLE III 


FREEZING POINTS 
OF cis- DOTRIA- 


TABLE I TABLE II 
FREEZING POINTS FREEZING POINTS 


OF MIXTURES OF OF SYSTEM TETRA- 


cis- AND trans- CONTANE (CaHs0)- CONTANE (Cs2Ees) 
DECAHYDRO- cis- DECAHYDRO- Mole fr. 
dotria- EDs 
NAPHTHALENE NAPHTHALENE Sentane’ °C: 
pe eens cet a mT? CQO. 60,50 
0.0000 —43.97  contane °C. 9551 68.69 
ose as o9 nn L. 0000. . 50/65 8577 67.68 
0586 45.56  -8704 48.87 7785 66.58 
O855 47.04. 7767 47.20 7432 66.08 
Bese a op oe 17408. “46120 6554 64.40 
‘o5oR RS ae 17085 "46103 5580 62.80 
3478 - 59.36 °/048 45.91 5425 62.41 
3897 —61.12 .5648 43.35 4782 61.06 
"4000 57.71 4173 39.80 3358 56.68 
tepog ed gd. 28743 89-11 2355 52.21 
5661 —50.07 .38016 36.17 .1812 49.26 
6199 —47.49  °2286 82.82 .1185 44.05 
8000 —39.00 ‘13874 27.80 .0698 39.21 
"3607 Tees, gg 0958 ° 24:26 0615 38.52 
9688 —31.82  °9666 21.00 .0501 36.80 
1.0000 —30.65 ‘S404 15.80 .0470 36.16 
0162 8.65 


@ Eutectic point from graph, Fig. 1. 


Discussion of Results.—The results, when 
plotted, yielded Figs. 1, 2 and 3, indicating that 
all the systems approach the ideal state. Figure 
1 gives a value of —61.2° for the eutectic tem- 
perature which agrees very closely with that cal- 
culated —61.55°, when the latent heats found by 
Parks and Hatton are used.’ 

A binary system such as is illustrated in Fig. 1 
where there is a difference in the molecular volume 


(2) Geo. S.. Parks and John A, Hatton, #sbid, 71, 2773 


(1949). 


July, 1950 


Temperature, 


0.1 0.3 0.5 0.7 0.9 
Mole fraction of trans-decahydronaphthalene. 


Fig. 1.—System cis—trans-decahydronaphthalene. 


Logie mole fraction. 


_eoeegaaae 


3.00 3.20 3.40 3.60 
17D xXsl0es: 
Fig. 2.—(a) Dotriacontane—cis-decahydronaphthalene; (b) 
tetracosane—cis-decahydronaphthalene. 


of only 2.9% should be expected to give rise to 
some solid solution formation. Thus, Smitten- 
berg, Hoog and Henkes reported that in the case 
of the system octane—-nonane, where the molecular 
volume differed by 6.3%, a considerable amount 


MUTUAL SOLUBILITIES OF HIGHER HyDROCARBONS 


Mole per cent. dicetyl. 


0 20 40 60 
Temperature, °C. 


Fig. 3.—O, Mole per cent. dotriacontane; é, mole per cent. 
tetracosane; 7%, idea] system. 


of solid solution formed upon freezing a mixture 
of the two substances. However, they also found 
that in the case of mixtures of iso-paraffins and 
n-paraffins the systems behaved in an _ ideal 
manner with no solid solution forming.* Hence, 
it would appear that in mixtures where the com- 
ponents have different spatial configurations 
such that one species cannot enter the crystal 
lattice of the other, solid solution does not take 
place even if there is only a slight difference in 
their molecular columns. The behavior of the 
cis—trans-decahydronaphthalene mixture is then 
what one would expect on the basis of Hassel 
and Viervoll’s spatial models of these two isomers. 
Assuming that Mohr’s model for the trans form 
is correct, they have shown that then his model for 
the cis form cannot be so, but must have one of the 
rings almost at right angles to the other. This 
can occur, they point out, if one of the ring con- 
necting bonds is of the x-type and the other 
of the e type.* This difference in structure ap- 
pears to be sufficient to prevent either from 
occupying the crystal lattice of the other. 

The systems depicted in Fig. 2 show both the 
effect of molecular volume and shape on the form 
of the freezing point curves. A transition point 
is clearly apparent at point (a) but less so at (b). 
As would be expected from the work of Piper 

(3) J. Smittenberg, H. Hoog and R. A. Henkes, THis JouRNAL, 
60, 17 (1938). ji 

(4) O. Hassel and H. Viervoll, Acta Chemica Scandinavia, 1, 194 
(1947). 
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anid his co-workers, the f.ps. of the solutions are 
depressed about 2.5° from that of the pure com- 
pounds.’ 

A comparison of the solubility of the cyclic 
hydrocarbon in the two n-paraffins as found, and 
as calculated on the basis of an ideal solution, 
is shown in Fig. 3. It also shows that the solu- 
bility of the cyclic hydrocarbon in the high molec- 
ular n-paraffins is very high, but the converse is 
not so. 

(5) S. H. Piper, et a}., Biochem. J., 26, 2074 (1931). 


WILLIAM F. SEYER, SUN YIP AND GORDON PYLE 


Vol. 72 


Summary 


1. The freezing points of the systems cis— 
trans decahydronaphthalene, dotriacontane—cis- 
decahydronaphthalene and _tetracosane-—cis-dec- 
ahydronaphthalene have been examined and 
found to be very close to the ideal state. __ 

2. The results indicate that the cis and trans 
isomers of decahydronaphthalene have different 
spacial configurations. 
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A_NEW LOW POWER PULSE TRANSFORMER FOR 
HIGH DUTY CYCLE OFERATION 


SUMRARY 


The following paper discusses a method of improving tie cpera- 
tional characteristics of a transformer-couplec pulse repeater origi- 
nally designed for general application in the National bureau of 
Standards Interim Computer. ‘The repeater stage 1s modified by re- 
designing the pulse ivansformer and changing the methoc of loading. 

An analysis of the equivalent circuit is made and y;redicted results 
are compared with those obtained experimentally. The resulting trans- 
former and mode of operation have been incorporated into the latest 
assemblies of the NBS Interim Computer. 
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NOMENCLATURE 


BOTTOMING In a vacuum tube having the ;late characteristic curve 
of a gentode, the steep portion of the characteristic below the point 
where the curve bends sharply,as termed the "cottoming” reyion. If 
a load of high enough impedence is usec, the tube operates on this 
portion of the curve at which time it is “bottoming”. 


SQUIRT INDUCTANCE Squirt inductance (Reference 2*) represents 
the etiects of so called squirted flux which is cue to currents charg- 
ing the distributed capacitances in the windinss of the transformer 


through the winding inductances. 


LOW LIMIT TUBE For the purposes of the NES Interim conjuter, a 
low limit tube is cne for which the plate current, with 6C volts on 
the plate and screen and with the grid connected to the cathode, 1s 
as low as 25 milliamperes. Characteristically it 1s capable of less 
plate current than average tubes under similar operating conditions, 
and gives more distortion to a train of pulses. 


HIGH LIMIT TUBE For the purposes of the NBS Interim computer, a 
high limit tube is one for which ti.e plate current under the same 
conditions above exceeds 5(C milliamperes or the screen current exceecs 
20 milliamperes. Characteristically it passes more plate current than 
an average tube: under similar conditions and gives higher amplituce 


pulses. 


Nth puLtsEes nth pulses are those occurring late in a sequence of 


pulses. 


* keferences are listed in the bibliography. 
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INTRODUCTION 


Since the advent of the first automatic control device, man has 
struggled to design machines to make simple decisions for him. Since 
the first World War, the pressure of development has centered strongly 
on such equipment. Automatic ranging equipment, automatic temperature 
control and automatic trouble indicators are only a few of the many 
devices now being used. Truly each device is a computer; that is, 
information reaching the device is processed and a decision is made 
which affects some other equipment. Today the word "computer" is 
genersily, applied to a piece of equipment designed and constructed 
to solve one or, more types of complex problems. 


Computers may be divided into two classes: analog and digital. 
Analog. computers are those which, to scme degree, simulate the system 
they are being used to analyze. That is, the computer is so assem- 
bled that the differential equations describing its operation are 
similar to those describing the system to be analyzed. The analog 
computer is operated by the controlled change of an independent vari- 
able representing time, distance or some appropriate quantity. Re- 
sults appear as continuous curves and are interpreted accordingly. 


Ligital computers are machines capable of performing the arith- 
metical operation of addition, and in the more complex models, sub- 
traction, multiplication and division. To analyze a system by use 
of digital machines, the differential equations must be solved in 
discrete steps with the degree of accuracy desired determining the 
precision of each step. However the degree of precision available 
in an analysis using digital computers is limited only be a knowl- 
edge of the system and the amount of time available for the analysis. 
Sometimes the accuracy available with analog computers (usually about 
three significant decimal digits) is not satisfactory for the prob- 
lem to be solved. In such cases, digital computers are utilized and 
the resulting computations often require long periods of time for 
their completion. Desk type calculators are digital computers which 
are familiar to most scientists and the more complex punch-card ma- 
chines perform similar operations, their main advantage being faster 
and more fully automatic operation. 


Figh speed operation is of little advantage if the human oper- 
ator must examine each result and make a decision, since then the 
speed of the operator will be the factor which limits the ultimate 
speed of the machine. This conclusion has resulted in the design of 
automatically sequenced computers in which a series of instructions 
and data are ;laced in the machine and the data are processed in ac- 
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cordance with the instructions. In this type of machine the instruc- 
tion and numbers are held in scme memory device readily accessible to 
the machine and a central control causes the instructions to be obey- 
ed. Thus by making the machine more fully automatic, one may realize 
the advantages of higher speed operation. The use of vacuum tubes in 
a computer removes the speed limitation placed by the mechanical ele- 
ments of such a machine. ‘Thus the advent of electronic digital com- 
puters has become one more step in the direction of high speed opera- 
tion. 


In mechanical digital computers, data and instructions are rep- 
resented by the position of a gear or a hole punched in a card or some 
other mechanical representation. In electronic digital computers the 
instruction and data are represented by the voltage upon some element, 
each element representing a digit. Since many electronic circuits are 
available which have two stable states, such as the familiar Eccles- 
Jordan flip-flop circuit, it seems reasonable that electronic digital 
computers should be designed to operate using binary arithmetic. This 
has the advantage of avoiding the reliability limitations of amplitude 
sensitive circuits, that might be necessary if the decimal system were 
used. 


Two basic types of electronic digital computers under develop- 
ment at present are the parallel and the serial. In both parallel 
and serial computers the instructions and data are represented by 
‘voltage pulses traveling through the machine. Each pulse represents 
one binary digit position of a particular datum or a particular in- 
struction. In serial computers the datum or instruction travels in 
sequential fashion, the first pulse position representing the first 
digit and the last pulse position representing the final digit, all 
pulses traveling over the same path. In parallel computers each dig- 
it has its own path and the first and last digits of a piece of in- 
formation appear at the same time, or in other words, the information 
travels "broadside". | 


Unfortunately the pulses lose energy as they travel through the 
machine and it becomes necessary to replenish’ this energy at inter- 
vals. Various devices such as amplifiers and cathode-followers have 
been used for this purpose. Pulse transformers are particularly use- 
ful as they enable the designer to control the polarity and imped- 
ance of his amplifier stage output so as to obtain maximum efficiency 
from each tube. Pulse transformers, in the past however, have been 
used entirely in circuits where they are subject to low duty-cycles 
of 15% or less whereas some of the computers under development util- 
ize duty-cycles as high as 50%. . At higher duty-cycle operation, cumu- 
lative storage of energy takes place in pulse transformers causing a 
variety of undesirable effects. 
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In the design of the National Bureau of Standards Interim Com- 
puter, a serial electronic digital machine, a program was initiated 
to design a pulse transformer suitable for operation at duty-cycles 
as high as 50%. Due to the fact that the design of this computer 
was started in order to obtain a small-scale machine quickly, many 
phases of the component development program were discontinued when 
a working design was complete although further investigation might 
have yielded an improved model. In the case of the pulse transform- 
er, no analytical investigation was made of its operation; the model 
used was designed by observing pulse'output characteristics as the 
design parameters were varied. The resulting transformer is describ- 
ed in reference ]* Design of a Transformer-Coupled Pulse-Repeater 
for General Application in the NBS Interim Computer by William L. 
Martin. The motive for the work described in this thesis was to 
analyze the operation of this latter transformer and design an im- 
proved model if possible. 


* References are listed in the bibliography. 
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ANALYSIS AND EVALUATION 


OF SEOUIVALENT .CLRCULT 


In the NBS Interim Computer, the voltage pulses traveling in 
serial fashion through the machine are approximately square in shape, 
of about 0.5 microseconds duration and spaced at one microsecond 
intervals. Because intelligence is conveyed by the presence or ab- 
sence of pulses in the various positions of a sequence, it is im- 
portant that the effect of any device that replenishes lost energy 
be the same for all pulses regardless of their time position. It 
is also desirable that the device have a uniform delay to any rulse 
in order to enable the designer to predict the time-position of the 
pulse, before and after amplification, with respect to a time scale 
established by a central pulse generator. Since the machine responds 
the amplifier output be of correct form. If for some reason a par- 
ticular pulse has been weakened more than others, it should be am- 
plified to a standard level. Thus, the ideal function of such a 
device is that of a pulse-repeater rather than that of a conven- 
tional amplifier. 


The repeater stage originally designed consisted of a tube- 
amplifier, a coupled pulse-transformer and the associated diode 
circuits. The diode circuits serve to establish a standard shape of 
input signal for each tube as well as to perform the logical func- 
tions necessary in a computer. ‘To correct for tube variation and 
to obtain maximum output from a low-limit* tube, all tubes are op- 
erated on the steep portion of their plate characteristic curve in 
the region known as "bottoming". * 


As a transformer 1s an a-c coupling element and the tube output 
has a large d-c component, in the presence of continuous pulses, the 
transformer stores energy during each succeeding pulse until the 
time integral 

bUt+ tat 
fE dt (where At is the pulse period) 
t 


of its output over one pulse period is equal to zero. Because 
energy storage causes current drawn by the tube to increase during 


* See nomenclature. 
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a sequence of pulses, the tube must be bottomed further than would 
be otherwise necessary if one wishes to obtain uniform output above 
an initial voltage level, thus sacrificing some of its output ca- 
pability. This mode of operation is described in more detail in 
reference |. 


If the energy stored in a transformer during a pulse could be 
dissipated before the next pulse occurs, the full output of the 
tube would be available on every pulse and each pulse would be sub- 
ject to the same stage delay. Even if only a portion of this ener- 
gy could be dissipated, an improvement in output would result and 
the variation in stage delay could be reduced. 


In analyzing the operation of the transformer-coupled stage 
described in reference 1, the value of the energy stored in the 
transformer will be evaluated by determining the current in the 
primary inductance of an equivalent circuit after one pulse. Using 
this current as a new initial condition and an equivalent circuit 
appropriate for the transformer stage between pulses, the energy 
stored in the transformer at the time a second pulse might occur is 
evaluated by determining the current in the primary inductance at 
this time. | 


The circuit originally used as a result of the pulse trans- 
former investigations at the National bureau of Standards is shown 
in Figure 1. The transforrer is a 250-50 turn unit with a core 
cross section 1/8" x 1/4". The core is grain-oriented silicon- 
iron, trade-named "Hipersil" by Westinghouse. The laminations are 
0.00) inch thick; the core is formed of two "c’s" and the window 
is yn x yn. 


Ebb = 120 volts 


|S: 280-ohms load 


+60 volts 


Transformer 250-50 turns 


Grid swing 
-5.5 volts to 
+2.0 volts 6AN5 Vacuum Tube 


40-olums 


Figure 1] 
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In order to calculate the circuit performance, the equivalent 
circuit of Figure 2 is derived from the basic transformer circuit 
as described in reference 2. 


ideal transformer 


Figure 2 


ty represents the primary inductance of the transformer and 

1s a function of pulse duration, duty cycle, primary turns, primary 
voltage and core material. In the presence of a pulse of current, 
the niagnetic flux does not penetrate the iron core immediately vecause of 
eddy currents and the effective change in inductance that occurs 
during a pulse makes evaluation of the resulting circuit response 
difficult. For ease of calculation, average values of inductance 
during and between pulses are used. These values are consistent 
with the curves of primary inductance plotted against pulse dur- 
ation which were obtained in the investigation of low-power pulse 
transformers made at the Servo-Mechanisms Laboratory at the Massa- 
chusetts Institute of. Technology as listed in reference 2. ‘he 
data used for effective inductance is obtained from Figure 1] of 
reference 2 and appears on page 40. 


C. represents the capacitance of the primary circuit, Cy), in 
parallel with the capacitance of the secondary circuit transforned 
to the primary, Co//n4, where n is the transformer ratio and Coy the 
secondary circuit capacitance. The values used for these capaci- 
ties are in agreement with those found in typical circuits usec in 
the NBS Interim Computer. i 


Rj represents the transformer secondary load transferred to 
the primary; Ry is the resistance representing transformer loss; 
and rp) represents the tube plate resistance. [During a pulse the 
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value of r,_ will be far lower than its value between ;ulses because 
the tube willbe operating in its bottoming region. Uncer tiiese 
circumstances r, will be only about 500 ohms. Fy 1s norsally 7,000 
ohms and Fy 1s about 24,000 ohms. (This value of i, was obtained 
by examining oscillograms of voltages and currents in the primary 
ana secondary circuits of the transformer under pulsed conditions. 
The losses were too smail to observably «ffect the oscillograms but 
the precision of the measurements were such that losses woulc not 
appear if the equivalent resistor were 24,000 ohms or higher.)  be- 
tween pulses, with the tube biased to —5.5 velts, from grid to cath- 
ode, Ty is about 60,000 chns. 


The equivalent circuit may be simplifiec if it 1s desired to 
emplasize a particular mode of operation. [Factors which may be 
neglected in the equivalent circuit are, transformer leakage react- 
ance, transforrver squirt-inductance* and tlhe capacitance between 
the transformer ,rimary and secondary windings. however, notice- 
able pulse deterioration is caused by the leakage reactance which 
causes parasitic oscillations when resonating with the circuit cap- 
acitances and also acts to attenuate high frequency components of 
the pulse. 


To obtain the value of the energy stored in L, during a pulse 
it is necessary to solve the equations for the equivalent circuit 
of Figure 2 and evaluate the current in the primary inductance of 
the transformer at the end of a pulse. ‘The generator in tlie equi- 
valent circuit has a constant voltage output during this period 
due to the mode of operation of the tube. For ease.of notation 
the resistance of Fy and fy in parallel is calied Ro: 


* Fy Fy 
2 t+ RB 
By ‘i Pe 
Writing the equations for the summation of the voltages around 
the loops in the equivalent circuit, 


Gly 1 
ee ' fi Lb te 
Abe eLr a ik lt Pepauaiag Ce = alc ct, (1) 
E oho F dt Uy oO 
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* See nomenclature. 
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ana 
ae Cee 
i 1k *Ly *C- (2) 
Also 
+Ga = RCo and ah = Tf ia, (3) and (4) 
Substituting (2) into (1), 
Eee Ving tei +3 eR ao ( 
HEB GR, vhs 1C,) Tp oh 0 
Lifferentia“ing in respect to t, 
dip di di di 
Rt ee Be, 5) 
Fdt "bdt "Pat “Ode 
Substituting (3) and (4) into (5), 
dip r d7ip 
( * Ro) eg CoG 
4 bs 1 Pa ipo = te ei = 
Pp 2 dt L, Oo B.2 mae 
Dividing by “ho Cory 
9. 
au tet en eon 
+ Fy Os (6) 
dt2 RoCor, dt LCo 
Solving (6) in the form 
ip = Cale + f)t + Coala = Byt (7) 
6) 


Ce ae Obes Gaeuiae 
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Josgas 1 ni gailsi 


¥2 


Bed Vea cae, \b2 — Aac 


coat RE 


2a 2a 


where a + & is the solution of 


ad2x PDR 


cx - 


and where 


C, and Cy are integration constants to be evaluated using a knowl- 
edge of the initial conditions. 


Thus 


2 Oo |> (8) 


and 


R 2 
a ya (9) 


Initial conditions are as follows: at time t = Q, the equivalent 
circuit generator voltage has just become uwkg. No voltage has 
been present until this time. 


Thus at t = 0, 


ine ror ig = Ee: 
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Also at t®-0Q;.0 = Ge: that*as% e -2 = 
oO 


Oo 
where Q = charge in C,, e = voltage across C,. 
Also di : 
fees, gs ak) sea 
Oo RK, dt th, Cre 
LEg 
butadtiiet =<i0, 38: ae 
therefore at t = 0, mee 
dt BoC ty 
dip s : 
From (7), i 2a=e bent Beye! EPIC + (et B)€oe'* 


Substituting the initial conditions in (7) and (10), 


O»= €)°+ C5, therefore, Cy = -C}. 


pEg 
Rates 


OO 


Substituting (11) in (12), 


= fit 


= aC) is PC] Na aC} z BC} = 


13 


(10) 


(11) 


(12) 


28C} ? 


ky s Ses Phe Pie at . % vy ait v4 « 
Baits Mec | "eee 220798 agadlov = 3 a ai ogiada = 0 
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C Hg ol ok ee 
1- RoCorp 28 SaMeGg io Mees, 


therefore, ip = pi he [ete + 8) w= Bl or - ae 
| 0 =RoCorp 28 , 


o” 


F Ly}; =—, fi dt, 
rom (1) jie Jip. t 


staat MP [te + A)t - ela - pela 
RoCoTp 28 


cd 


therefore, “Le & 


tle 


z pwEg ga + B)t - ] rt (a Bs B)t - ] (13) 
fj ESPS STA PRAT LST MOB RT AT: 


To obtain an approximate value of the current in the primary 
inductance at the end of a pulse, it is necessary to evaluate 
equation (13) for the specific circuit constants involved. 


An average value of Lp for a 0.5 microsecond pulse on a 
Hipersil core of the cross section stated above and having a 
250-turn primary may be estimated from the Whirlwind data shown 
on page 40 to be about 7.5 millihenrys. Ry is 7,000-ohms, Py 
is about 24,000-ohms and C, may be taken to be about 12 micro- 
-microfarads. 


Ry R 
‘Thus R, = pr. ~ 5,420-ohms, 
Rpt Be 
C, = 12:10°!2 farads, 


7°5:1073 henrys, 


Lp 


aig + i)y ‘i (8, + a), 
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re 500-ohms, 


“Eg ~ 100 volts (measured), 
t ~ 0:5:10 seconds (pulse duration), 


-91.5-106 radians/sec., 


Q 
TT 


91.5106 radians/sec., 


Ree) 
{ 


a + 8x 0 radians/sec, 


2 Picea 5 Min -183:10° radians/sec. 


A ke eee 
si lQe ialid |p ea 
p (a oe a- Bp 
urease so acco a CP ic< 1, and the: = 6) >S10°, 


an excellent approximation for the bracketed term above is 


Cs B 6 oe B 


Therefore, 


ate = (0.006 amperes. 


Hence, the current in L, is increased by about 6 milliamperes 
during each pulse as long as the tube is operating in the bottoming 
region. 


Figure 2 also represents an equivalent circuit of the trans- 
former-coupled stage for the interval between pulses. During this 
time interval the generator has no output but a current in L, ini- 
tiated during the preceeding pulse or pulses is flowing. 


To find the amount of energy present at the time the next 
pulse might occur or the energy dissipated between pulses, it is 
necessary to solve the equations for the circuit of Figure 2 with 
these new initial conditions and evaluate the current remaining in 


Le at this new time. For ease of notation the resistance of Th 
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Fy, and Fy in parallel is called ee R Burp Re 


By Kirchoff’s Law, 


Eb 
E l [; 
rE fap )R, “ef ict ; 
0 
a = ‘s * roe % 
na ae eae Cars gin *L, Uo 
eS Wa 
; | L. Coa ah <li Shs 
Also ic = and ip = ‘ 
‘Oo ape Z iy at 
ee : PSL 
Combining (15) and (16), ot Ey ic. )F, 
0 
“Lp diy, RL, Cod*ip 
: E (ip 0K, + 
Lividing by RUL.C,, 
2: 
akon | Gly 1] 
gi 70) J phy | NBG 
dt2 RC, dt L.Co 


To solve for ij, , assume the solution is of the form, 
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Tes 


(14) 


(15) 


(16) 


(17) 


(18) 


* 


CYi +. 
(aly 


QD, bas (20) 


aaiak 


ibe 


where a = —W1 and. B = + (ae ok 


a and £8 now have the new values shown and C) and Cy are to be 
determined. 


Setting initial conditions, 


at t=0, ap, = 7% where 7 is the current remaining in 
P : Ly after the preceding pulse. 
diy 
AL it BQ; Pe Q., This approximation is correct within 4% 
dt for each transformer considered due to 


the low capacitance of the circuits. 


Differentiating (18), ——— = (a+ BC, Pes) ean ey B)Coe!* ~ Bt 


(19) 


therefore, from (18), at t t=C) + C. ees om Cae) 020) 


u 
= 
=r 

= 3 


From (19), at tts 0, = 0) = aC) + BC} = 4 aCo a BCo. (21) 


Substituting (20) in G21) ; 


at — aCy + Bt - BCy + aCg - BCy = (a + BT - Col28) = 0, 


therefore, Cy - {a + £) rv 
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From (18), aL, = 4 [2] el“ pac to + [2apAlel mod 1, (22) 


1], 


eee armn) | (aero ye Pie pee et 
or = Ha): + [ Te }; i (23) 


To determine the energy stored in the transformer 0.5 micro- 
second after the previous pulse has ended,(or just before the next 
pulse may occur) equation (23) for +L, 4 must be evaluated using 
the appropriate values of circuit capacitance, inductance and re- 
sistance. A value of inductance higher than that just employed 
1s now used due to the additional penetration of the core by the 
magnetic flux at this later time. The increased value of induct- 
ance 1s obtained from the curve on page 40. It represents the ave- 
rage value of inductance for a 250 primary turn transformer from 
0.5 to 1 microsecond after the pulse was applied. 


L, = (1.5)(1079)(250/70)2(2/3) henrys = 12.8°10-3 henrys. 
As before, C, = 12.1012 farads. 


The relative portion of AL. remaining at time “t” = 


(qi > £) (a wal Sah bee ha Sa B) a re ee 
20 


where 
=slhc ] d aya ty 
BO Cw ius no 
Ry Ryr 
ey aks ued BaTTLCR cal 
L*p bs pt 


where Tp = 60, 000-ohms, Re = 24,000-ohms, Fy = 7,000-ohms, 
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and t = 0.5°10°© seconds. 


Thus, “R= 4,970-ohms , 


a= -1_ = -g 37-106 radians/sec. 


7.9-106 radians/sec. 


Row 


a + B = -0.47:106 radians/sec. 
a - B = -16.27-10© radians/sec. 


Substituting the above values in equation (23) 


? 


1p 
TRS _—s 


4 


0.815 


Thus 81.5% of the current initially flowing in the primary 
inductance of the transformer is still flowing 0.5 microseconds 
after the pulse has ended. 


The circuit 1s resonant but highly damped. If the damping 
were removed, the circuit would oscillate at a frequency, 


iis mite = 0.41°106 cycles per second. 


As stated earlier, the goal of this investigation is to find 
a method of dissipating between pulses all or most of the energy 
stored in the transformer during a pulse so as to cause the circuit 
to return to its initial potential. If this latter condition could 
be attained without dissipating the stored energy, this would be 
just as satisfactory as long as the stored energy did not result 
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in some spurious signal. If the current in the transformer circuit 
could be made to oscillate at a suitable frequency between rulses, 
it would pass through a potential equal to that desired after one 
half period of oscillation. Any energy remaining in the circuit 
after this half period of oscillation would aid the tube to drive 
the transformer on the following pulse. However, if no following 
pulse occurred, this residual energy might cause a spurious signal. 
If less than one half period of such an oscillation (but more than 
one fourth period) took place in the interval between pulses, the 
transformer would possibly be closer to its initial potential than 
it was in the case of over-damping. One ready method of discon- 
necting the load at the desired time 1s to use germanium diodes in 
series with it; no more than one half period of oscillation can 
take place because, during the succeeding half period, the oscil- 
lation is heavily over-damped by the full load which is present 
when the diode conducts in its forward direction. 


An equivalent circuit employing diode loacing appears in 
Figure 3. 


Germanium 
Liodes 


Figure 3 


Although the present transformer will oscillate on the back- 
swing when operated into a non-linear load, the period of its 
oscillation is too large to allow it to return to its initial 
voltage state between pulses. In fact, it oscillates through 
tess tivan one fourth period before the next pulse occurs.* As 


* [f a diode is connected in series with the load in a 2no-turn 
transformer, it ts connected in the secondary circuit. The back- 


(footnote continued on next page) 


ley ae w aad ' 
. gee tthe betkaab gel ve hae lose thy Cre eae b 
Sen oe diwovie odd mt gatniener yatoas yah | wotsellisgo to bosreq 
 eveth od dies aly brs. bluow noitelliaso to borte,) ‘tLad etdy 4 
gnewollot oa bi  savewoll selay gniwollet odd no rontolane1) 4 £ 
ih ok Og EB anoliuce 8 BauEo dg Yorene loubkaey ard? /beaxsooe oal eee 
aed?’ oro% dud) aotiellioeo pe dows To bosrey tisd ead nado aeol TE 
add ,aveluy weeeted Lavasanx ofd af one] 4 doos’ (herred daiol aao> ” 

aed? iaivdetoy letting 29% o¢ r9a0lo od vidraacg biyow ‘sarckanwee 

“moneth Xo bodjom ybeor onQ gat ymsb-19v9 To sand add ai aaw oe, 

: me 29p0rh moirewtes eas os ar omg) berseed dt ae baol, ott gukioea © 
ete + oo oboe l gore Pa haat: tied sao madd stom om (ti ddew agkase | 
| ‘dingo of? dotreg Lied gaihessowe ofd gastub , sanaoed soely ates 

IHIBReTY, ef -odde “gan {ink ort vd oo gmeh-veve vlivacd af sokial 
Moto otewiok 8s4 mr ‘atoubmod ‘ehoih eid ned 


we PIR OG GS Birth abo rd sto Links trworrs Oats stevéape nA ee 
| | bctmeites . £ svuwe 
ge recoonanatiat? inebatin retype Aah torre Een nny Sy a a a en ae 
. . Sta 
i ' . } 
iis MUN WD ¥ 
Py i AE Ae He ep § i i 
LOS ae | j Wad A 
2 he ka 4 
; rh pea ge 
‘ é sig’ baie at bi : 
He y Sa Deak 
“fl : j : i BaP if My 
| Ce a | why 
a Ga i 7 “iy 
4, ERAS ARs iphdaideebadsiliethentier ee oe PAR: MWA Piet dr tete AB POGNS ANALOG HANTS PEA ADIT NO F nine } 5 
fi a ; a Ag ' ; i 
ite Ot LES im : ‘ 1g 
/ \ i rs 
djged si9 no, gtellioas LPisw sewrpbadett Jaouwsg miltodguoda ih. 
ein ts Tsentl-son @ Ont b¥et>go Notw qniwe'.§ 
Lieedind xl 3% Volin oF satel oog ax fortallioaa 7) 
HavOtAs ease hitoaucte (goeh. wh vege ley nepwred 2Ig32 eyetiov 
‘ Re Oh eae, MeL: Peat ols ptoted bogroy diaot Bao ae Fey, 
RY Oy ee es Db Ped yeahs ay oy ca. ee y ie 2% om: ane 9 2% qkn 1 By, Ai “ 
eta OY! OR: CMO ows OTN) ora, peony ue 43 rey Dip 
a ihr dy er ae mA ‘yeas bh ihc ® 4 et baa} ee } it 


\y As a fh as Mee Vi 


yal 


a result, the tube plate potential is made highly positive by the 
inductive backswing of the transformer at the time the next pulse 
may occur and the current through the tube must discharge this in- 
creased potential as well as the potential normally existing across 
the circuit capacitance. Therefore, the stage has an increased 
delay due to the time needed to discharge this additional ;otential 
and pulses occurring late in a sequence are delayed to an increased 
degree. 


The problem of increasing the resonant frequency of the cir- 
cuit may be solved by decreasing the primary inductance of tlie 
transformer; this 1s most easily done by using a smaller number 
of primary turns. The primary turns may not be decreased without 
limit, however, as current in the primary inductance (which in- 
creases the tube current) increases with decreasing inductance. 
The knee of the zero-bias plate characteristic curve of a low- 
limit 6AN5 tube occurs at approximately 25 milliamperes and the 
current in the transformer primary inductance added to the current 
in the primary load must not exceed this value if a low-limit tube 
is to remain bottomed and so give uniform output to all pulses. 

If the 250-turn transformer were redesigned so that the natural 
resonant frequency of the circuit were doubled, the period of os- 
cillation would be near twice the interval between pulses since 
the ‘current:in thé stage output would: oscillate at ‘aj proxi- 
mately one megacycle per second. [ecreasing the jrimary turns by 
a factor of two will reduce the inductance by a factor of four 
and thus cause the current to oscillate at the desired frequency. 


Previous tests on transformers subjected to one pulse show 


(footnote continued from previous page) 


resistance of a germanium diode never is lower than 50,000-ohms 
and connecting three of them in parallel and the combination tn 
series with the usual 280-ohms load will yield a secondary load 
of 50,000/3 + 280-ohms or 16,950-ohms. Transformed to the pri- 
mary circuit, this becomes (16,950)n? = (16,950)(25) = 424,000- 
ohms. Thus R, = 16, 500-ohms. The resulting frequency of oscil- 
lation ts, 
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As before, Ly = 12.8'10 3 henrys, and C, = 12°10 77 farads. 
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that with a low-limit tube, a decrease in the output pulse ampli- 
tude during the pulse does not occur for transformers with 120- 
primary ‘turns; however *1f-the:turns are reduced to less than 120, 
this decrease occurs. As the mode of operation proposed would 
result in pulses which are relatively uninfluenced by the fpre- 
ceeding pulse, these early tests should be reliable in predicting 
a satisfactory transformer and a 12Q-turn primary might be suit- 
able. Repeating the above calculations, this time for a 120-24- 
turn transformer, which would have a primary inductance reduced 
by the square of the ratios of the ;rimary turns of-the two units, 
(icety (120/250)2). aL Loe op end of one pulse is, 
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Where, 
HEg = 100 volts as before, | 
190,120 dey ate 120]*.19-3 
L, is reduced by “ae Peli 7.5), 20] 10 
= 1,73'107° henrys 


r, = 500-ohms as before 

C, = 12-10-14 Firedepaat setors 
t = 0.5°10°© seconds " 4 

Fy = 7,000-ohms i : 

He = 24,000-ohms ste 


B, = 16,500-ohms , % 


Therefore, 1;, after one pulse is 0.0264 amperes. 
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In evaluating 0.5 microsecond after the first pulse has ended 
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the existing at this later time is reduced by the square of the 
turns ratio for the two transformers as in the previous calculations 


and is (12.8°1073)(120/250)2. = 2.95:1073 henrys. 


Urge 12:10712 farads as before. 
a = -2.52°10 radians/sec. 
= 4.7°106Y-1 . j4.7°106 radians/sec. 


From the above, 
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Substituting the above values in (24) and setting => = 0, 
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Oe PPPIS2e10 hae A 7 190L + 0.536 sin 4.7-10%) 


0.435 microsecona. 


ch 
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Thus it takes 0.435 microsecond for the voltage across the 
capacitance to return to its initial value. 1f the time between 
pulses is as large as 0.435 microsecond, the transformer cutput 
voltage would return to its initial position if it were free to 
oscillate. 


One problem which presents itself at this point is the effect 
of the energy in the inductance manifesting itself as a spurious 
signal at the end of one half cycle of oscillation if no second 
pulse is present. because the loac will result in heavy camp ing 
when the oscillation is in the phase to cause ;ositive output, 
the oscillation should te almost quenched after cne half period. 
If the noise signal is of sufficient anplitude to cause trouble, 
(a minimum signal to noise ratio of 10 has been set) it could be 
eliminated by operating the diode shunted by a resistor of the 
proper size to critically damp the circuit between pulses. Cal- 
culations for a resistor which is to be placed across the diode 
to cause critical damping for a 250-turn and 190-turn transformer 
appear below: 


-To cause critical damping the value of ~ must be equal to zero. 


Therefore, . 
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For a 250-turn transformer, 


12.8°1073 henrys 
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12°10-12 farads 
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60,000-ohms as before 


ry 
i} 


PR, = 24,000-ohms as before 


16, 300-chms 
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If Ry is the resistance the secondary load circuit oi the 
transformer reflects to the primary, 


RR 
By, = “pitt = 380, 000-ohms 
eae ~ Rory - RR, 
dike date 
The secondary load is_= or 15,200-ohms.as compared with the 
n 


17,000 ohms that is already present. Thus this transformer is 
very nearly critically damped if the circuit consists only of the 
diode-connected load. 


A 120-turn transformer differs from the 250-turn unit in that 
a reduced is used. L,, as in the previous calculations for a 
120-turn transformer is 2.95:10° henrys. 


\L, 
BR, = + — = 7,800-ohms 


oO 


By 


143, 000-ohms 


The secondary load AALS or 5,730-ohms as compared with the 
n 
17,000-ohms that exists. The resistance of the paralleied german- 
ium diodes and an accompanying shunt resistor must be equal to 
5,730-ohms - 280-ohms or 5,450-ohms. The 5,450-ohm resistance 
will be called R,. As the resistance of the three diodes in par- 
allel is about 16,700-ohms, the resistance shunting these diodes 


should be 
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Because of the assumptions used in. the previous evaluations 
(50% duty cycle, vertical sided pulses and average inductances) 
actual operation with 50% duty cycle and sloped sided pulses may 
prevent the transformer from achieving the desired type of oper- 
ation. However, as the transformer was satisfactory for single 
pulse operation, it may well be satisfactory for continuous pulses 
if the interval between pulses is not too short. With these limit- 
ations in mind, a test set-up for determining the relative outputs 
of 120-turn and 250-turn transformers was made. 
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EXPERIMENTAL RESULTS 


To test the preceeding theory, oscillograms of transformer 
output for a 250-50-turn transformer and a ]120-24-turn transformer 
were taken with a directly connected load (Figure 4A), diode load- 
ing (Figure 4B) and diodes in parallel with a resistor (Figure 4C) 
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overcamping underdamping critical damping 
Figure 4 


With diode loading, the circuits osciilated between pulses at 
about the predicted frequencies. The largest spurious noise signal 
occurring for’the circuit of Figure 4b after the half cycle of oscil- 
lation was less than 1/12 full signal amplitude and, therefore, be- 
cause a minimum signal to noise ratio of 10 had been set, critical 
damping was not necessary. The response obtained with critically 
dampened circuits was almost identical with that for no damping. 
When tested with pulses having a duty cycle of about 40%, the out- 
put of the 120-turn transformer for any pulse in a train was of the 
same amplitude as the output of the 250-turn transformer. The worst 
rise and fall times were considerably less than those of the 250- 
turn transformer and this might be expected because of the reduced 
primary inductance and leakage reactance. Table I gives pulse 
characteristics taken from the test results. Fulse rise and fall 
times and top width time in microseconds for the first pulse in a 
sequence and for a pulse occurring late* in the sequence, are given. 


*Pulses occurring late in a sequence will be referred to as 
mythn pulses throughout the remainder of this report. 
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TABLE I 


Transformer Output Characteristics 


Output of 120 and 250-Turn Iransformers 
Under Various Legrees of Damping 


Pulse Pis , a ae A ee oie 
Transformer ee ia Pe Circuit Conditions 


Output Amplitude 
(Nth Pulse) 


Gverdamped 


Underdamped 


Critically damped 


Overdamped 


Under damped 


0.06 Critically Damped 16.8 


0.14 


0:31 0.30 
120 
Turn 0.29 Oeo2 
Trans. 
0.30 0.31 
Of32 0.25 
250 
Turn 0.28 0.26 
Trans. 
0.32 


Note: The input pulse has a rise and fall time of 0.05 microsecond and 
an effective top of 0.3 microsecond. 


Overdamped 


Under damped 


Critically damped 


Overdamped 


Underdamped 


0.28 Critically damped 


The generated noise signal for the 250-turn transformer in the 
case of underdamping is less than 1/12 full signal level. 


The generated noise signal for the 120-turn transformer in the 
case of underdamping is less than 1/10 full signal level. 


* All times are given in microseconds. 
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The data are repeated for the 120-turn and 250-turn transformers 
under conditions of overdamping, underdamping and critical damp- 
ing. 


Sample oscillograms of the output pulse characteristics for 
the case of underdamping for 250-turn and 120-turn transformers 
appear in Figures 5, 6, 7 and 8. 


To obtain assurance that the use of 120-turn transformers 
would not result in an excessive reduction in pulse amplitude 
for pulses wider than those in the original tests, but required 
in some circuits of the machine, oscillograms were taken of trans- 
former output for the two transformers previously tested. In 
these tests the pulse duration (pulse flat top) was varied from 
approximately 0.26 microseconds to 0.55 microseconds. A third 
transformer of 100-20-turns was also tested. Results of these 
tests appear in Table Il. From the sample oscillograms in Figure 9 
through 17, 1t can be seen that while the 250-turn transformer 
has little loss in pulse amplitude for long pulses, its top is 
impaired by the poor rise. front. The ]20-turn transformer has 
about 6% loss in amplitude for a pulse of about 0.4] microseconds 
duration but this loss increases to 25% for pulses as long as 0.52 
microseconds. As the basic pulse lasts only (0.43 microseconds, 
the 120-turn transformer would probably be suitable for general 
application in the NES Interim Computer The 100-turn transformer 
has about 25% loss in amplitude for pulses of about 0.41 micro- 
seconds duration and so would be unsuitable for general use. From 
Table Il, the duty cycle in the case of the 0.4] microsecond pulse 
is about 51%. (That is, the base of the output pulse is 51% of a 
pulse period. It must be remembered that the transformer circuit 
can only oscillate, and so remove its stored energy, between pulse 
bases. ) 


As a further comparison of the characteristics of the two 
transformers, relative delay or timing tests for 120-turn and 250- 
turn transformers were made with stages containing all high or all 
low limit values of components that would affect pulse delay. The 
circuits used for these tests appear in Figure 18. 


Three stages similar to the one shown in Figure 18 were used 
in series. Resistor values were as tabulated. Data were obtained 
of stage delay when both the resistors and the quality of tube in 
each stage were varied. For any given set of data, a high limit 
tube (designated H), a low limit tube (designated C) and an aver- 
age tube (designated A) were used in the respective stages. Rela- 
tive delays of the various significant points on the pulses passing 
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TABLE I 


Amplitudes of Leading and Trailing Edges 
of Pulses from Test Transformers 
with Varying Duty Cycle of Operation 


Pulse amplitude is in volts; repetition 
rate 18 one megacycle. : 


‘Pulse Top 
Width in 
Microseconds 
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250-turn transformer 120-turn transformer 


Figure 5 Figure 6 
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250-turn transformer 120-turn transformer 


pulses out of a nth pulses out of a 
Figure 7 Figure 8 


Note: In all the above cases, the load is three paralleled ger- 
manium diodes in series with a 280-ohm resistor. The ver- 
tical scale is 5.6 volts/small division and the horizontal 
scale-is (0.08 micresecond/small division. 
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transformer on 280-ohm load. 
Duty Factor -- 39% 


pulses out of 250-turn 


Vertical scale -- 22 volts/small division 
Horizontal scale .-- 0.16 microsecond/small.:division 
Figure 9 
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| . transformer on 280-ohm load. transformer on 280-ohm load. 
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nth pulses out of 250-turn 


transformer on 280-ohm load. 
Duty Factor -- 51% 


Vertical scale -- 22 volts/small division 
Horizontal scale -- 0.16 microsecond/small division 
Figure 12 
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transformer on 280-ohm load. 
Duty Factor -- 51% 


Scales -- same 


pulses out of 120-turn nth pulses out of 100-turn 


transformer on 280-ohm load. 
Duty Factor -- 51% — 


Scales -- same 


Figure 13 Figure 14 
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nth pulses out 
transformer on 280-ohm load. 
Duty Factor -- 64% 


of 250-turn 


Vertical scale -- 22 volts/small division 
Horizontal scale -- 0.16 microsecond/small division 
Figure 15 


nth pulses out of 120-turn 
transformer on 28(0-ohm load. 
Duty Factor -- 64% 


Scales -- same 


Figure 16 
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nth pulses out of 100-turn 
transformer on 280-ohm load. 
Duty Factor -- 64% 


Scales -- same 


Figure 17 
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through the stage are recorded in Table III for the 250-turn trans- 
former and Table IY for the 120-turn transformer. Table V gives an 
overall numerical representation of these results. Figures 19 
through 22 are sample photographs of the data from which timing 
information was obtained. It can be seen in the latter figures 
that the decreased circuit Q caused by the smaller leakage react- 
ances of the 120-turn transformer results in a cleaner wave form 
with less undesired oscillations on the leading edge of the pulse. 
These effects are more pronounced on gating loads (Figures 19 to 
22) than on the resistor loads (Figures 5 to.8) that the first 
tests were made with. 
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5.69 t ¥; 
Typical Gating Circuit Used in Testing 
Stage Lelay Under Limiting Conditions 
Slow Gate Fast Gate 
Fy = 39.6K%t 1% 32. 4K8+, 1% 
Ro = 14.3K%+ 1% Hiaikes, Lz 
Ro = 6725K%+, 1% 6. 75K"+ 1% 
C) = 5-10-12 farads (@ farads 


Figure 18 
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TABLE I 


Pulse Delay Characteristics For A 250-Turn Transformer 


Delay in microseconds is measured at two points on both 
the pulse leading edge and trailing edge with the cir- 
cult operating under the extreme conditions possible 
with limit components in each stage. The circuit used 
appears in Figure 18. 
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H designates a high-limit tube. 

C designates a low-limit tube. 

A designates an average tube. 

F designates component tolerances such that the gate is relatively high speed. 
S designates component tolerances such that the gate is relatively low speed. 
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TABLE IV 


Pulse Lelay Characteristics For A 120-Turn Transformer 


Lelay in microseconds is measured at two ,coints on both 
the pulse leading edge and trailing edge with the cir- 
cuit operating under the extreme conditions possible 
with limit components in each stage. The circuit used 
appears in Figure 18. 
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H designates a high-limit tube. 

C designates a low-limit tube. 

A designates an average tube. 

F designates component tolerances such that the gate is relatively high speed. 
S designates component tolerances such that the gate is relatively low speed. 
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TABLE V 
Timing Characteristics 


Relative Delays at Two Critical Points 
on Pulse Leading and Trailing Ldges 


The values* listed are those selected from Tables III and IV which 
indicated the worst pulse deterioration. The peints referred to 
are coded as in the skétch at the bottom of this table. 


120-Turn Jransformer 


Stage 18t Pulse | Nt® Pulse Any Pulse ° 
0.06 {0.04 
0.05 |0.06 
0.10 |0.03 0.10] 0.03 

Stage 0.06 “—_ east 0.08 

0.08 | 0.03 0.10 }0.03 0.10] 0.03 

Any Stage 0.05 10.08 0.05 i 0.05 | 0.08 


250-Turn Transformer 
0.11 | 0.08 4 0.07 
0.07 | 0.07 0.051 0.10 
0.17 (10805 ote. 
0.10 a 0.0610.14 


0.06 | 0.03 
0.05 | 0.06 


0.04 |0.02 
0.05 10.06 


lst: Stage 
Only 


Stage 
Any Stage 0.17 | 0.05 0.17 | 0.05 
0.071 0.12 0.051 0.14 
Delay at the effective Delay at the effective 
top of the leading edge top of the trailing edge 
of each pulse. of each pulse. 


Delay 15% from the bot- Delay 15% from the bot- 
tom of the leading edge tom of the trailing edge 
of each pulse. of each pulse. 


* All times are given in microseconds, 
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250-Turn Transformer 
| The 18¢ pulse out of three 


cascaded stages is super- 
imposed. 


Figure 19 
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@ | 250-Turn Transformer 


The Nth pulse out of three 
cascaded stages is super- 
imposed. 


Figure 2} 


limit tube in stage #3. 


sion. 


120-Turn Transformer 


The 1$* pulse out of three 
cascaded stages is super- 
imposed. 


Figure 20 


120-Turn Transformer 


The Nth pulse out of three 
caScaded stages is super- 
imposed. 


Figure 22 


Note: Gate components are selected to be of high speed range. An aver- 
age tube is in stage #1, a high-limit tube in stage #2 and a low- 

The vertical scale is 5.6 volts/small 

division and the horizontal scale is 0.08 microsecond/small divi- 
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CONELUSIONS 


From the timing test results tabulated in Tables IiI and IV, 
it 1s seen that by using a transformer with 120 primary turns the 
variation in stage delay for various pulses in a sequence may be 
reduced. Also, the pulse rise and fall times are decreased and 
the total stage delay is reduced. 


The results described in this report are derived for a single 
tube and transformer. If more load current is necessary than can 
be supplied by one tube, additional tubes may be used in parallel, 
all operating into a single transformer. To cause this transformer 
to oscillate at the desired frequency on the backswing, it is nec- 
essary to reduce its primary inductance to compensate for the in- 
creased circuit capacitance. This objective may be accomplished 
by decreasing the number of primary turns by the square root of 
the number of tubes added (assuming all tubes add equal capacity). 


If pulses of duration greater than 0.5 microseconds are ce-- 
sired, or if a duty cycle higher tnan 50% is used, ac25Caturn 
transformer will be more satisfactory than the 120-turn unit. 


A full load, equivalent to 7,000 ohms on the primary, must 
be used to prevent the oscillation from giving a spurious signal 
after a train of pulses. If this full load is not required in the 
load circuit, additional resistive loading must be used. 
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A NOTE ON SUBSONIC AEROFOIL THEORY 
by 


JOHN W. MILES, Ph.D. 
(Department of Engineering, University of California, Los Angeles) 


SUMMARY 


A linearised theory for the subsonic, lifting surface problem is formulated in 
terms of Fourier integral solutions to Laplace’s equation. The symmetric and 
anti-symmetric problems of the first kind are solved explicitly, while the problems 
of the second kind depend on the solution of dual integral equations. The anti- 
symmetric problem of the second kind is cast in a variational form, from which 
certain well-known theorems may be deduced. 


1. INTRODUCTION 


The following development of linearised, subsonic aerofoil theory is derived 
from a recent analysis given for the supersonic problem“) which in turn was 
motivated by Schwinger’s variational approach to diffraction problems *), While 
the majority of the end results to be obtained are not new, their formulation, in 
certain respects, is rather novel, and the analysis is felt to be of interest per se. 


Earlier formulations of linearised, lifting surface theories are discussed by 
von Karman“), and rather general approaches have been given more recently by 
Kussner() and Reissner‘). A Fourier transform approach of lifting line theory has 
been discussed by von Karman‘) and Fuchs‘), 


Notation 
a  xco-ordinate of axis of rotation in pitch 
b wing span 
c reference value of chord 
Cy drag coefficient 
C, lift coefficient 
C, rolling moment coefficient 


Cy pitching moment coefficient 


Paper received April 1949. 
[The Aeronautical Quarterly, Vol. II, May 1950] 
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G see equation (7) 
g see equation (9) 
G* see equation (12) 
g* — see equation (13) 
-- “the imaginary part of” 
i,j,k unit vectors along x, y, z 
K, MacDonald’s function of order zero‘??? 
K,  MacDonald’s function of order one“? 
p _ perturbation pressure 
q vector perturbation velocity 
R__ integration operator. See equation (8) 
T transform operator. See equation (4a) 
T inverse of T 7 
w xX, y, Z components of perturbation velocity 
U Fourier transform of u. See equation (4) 
V free stream velocity 


x,y, Zz Cartesian co-ordinates (Fig. 1) 


® wing incidence («= —w ino) 
0(u) Dirac delta function; | n=); -6(w= Oates 0, 


n  yco-ordinate of integration 
B, ¥ . spectrum co-ordinates 

€ x co-ordinate of integration 

p air mass density 

oc projection of aerofoil on z=0 

iz remainder of plane z=0 


@ velocity potential 


2. STATEMENT OF PROBLEM 


A thin wing is located near the xy(z=0) plane, its projection there being 
denoted by o (the remainder of the plane being denoted by 7). The theory is 
linearised in the sense that the boundary conditions are applied in o rather than at 
the aerofoil, and all perturbation velocities are assumed small compared to the free 
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Fig. 1. 


Plan and section views of aerofoil. 


stream velocity, V, which is in the positive x direction. The perturbation velocity 
may be written 


q=(iu+jw+kw)V=VVo é : . ; (1) 
741) ; : , . , ; (2) 
and the (linearised) perturbation (relative to free stream) pressure is given by 


Cae ee : ; : (3) 


where p is the mass density. It is required to find ¢ (x, y, z) from a knowledge of 
the boundary conditions in the plane z=0 and at infinity. 


The boundary conditions require that the flow be tangent to the aerofoil and 
that the pressure be continuous except across the aerofoil. The top and bottom 
surfaces of the aerofoil will generally have different slopes, but the linearisation 
permits separate consideration of two problems consisting of the symmetrical and 
anti-symmetrical distributions of the incidence (measured in a section of constant y), 
corresponding to the thickness and camber (and twist) distributions, respectively. 
Hence, it suffices to consider only the half space z > 0, the boundary conditions 
being applied to u (x, y, 0+) or w (x, y, 0+) (the case whose wv (x, y, 0+) is specified 
is not generally of technical interest). 


In addition to the explicit boundary conditions in the plane z=0, it is required 
that the solutions be chosen such that ¢ will vanish far upstream, reduce to a 
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two-dimensional flow far downstream (the Trefftz plane)*) and vanish as y, z —> 00, 
Moreover, the Kutta condition must be satisfied, i.e. u(x, y, 0+) must vanish 
continuously at the trailing edge of co. 


3. SOLUTION 


Let lower and upper case letters represent functions of the co-ordinates 
(x, y) and their double, complex, Fourier transforms in the (u, v) spectrum, 
respectively, e.g. 


oo 


u(x, yy=T { U (u, v)} =| an | dvU (u, vexp [i(ux+vy)] . (4a) 


—ao — 


— 
Qn 


UW, Y=Tluey) =| ae] dru nexpl-iGé+D]. 4b) 


—c0 


Then a solution to Laplace’s equation (2) which exhibits the desired behaviour at 
infinity (in the half space z>0) and whose x derivative reduces to u(x, y) at 
z=0+ may be established as 


(x, Y, D=T {[G)-* + 78 (v)] exp [—(w? + vk] U (u, »)} SD 


The branch cuts in the complex v plane are taken from +i7|p| to +100, 
respectively, and the path of integration in the complex v plane may be taken 
anywhere in the strip | -7 (v)|<| -¥ (u)|, provided z=0, as assumed. Proper 
behaviour for large values of y is guaranteed by giving -./(») the same sign as y, 
with the real axis admissible for all y. The path in the » plane is taken along 
¥ (u)<0, and the contour may be closed in the upper or lower half of the 
» plane for large positive or negative x, respectively, giving a vanishing solution far 
upstream and a potential solution (the contribution of the pole) far downstream. 
If the path is taken along the real axis in the » plane, the indentation under the pole 
.=0 yields equal and opposite contributions upstream and downstream, which are 
then matched by the contribution from the term «6 ()°) in such a way as to give 
‘the correct solutions both upstream and downstream. These choices determine 
essentially the arbitrary function of (x, y) introduced when u (x, y, z) is integrated 
with respect to x to determine ¢ (x, y, z). The Kutta condition does not enter the 
solution explicitly at this point since it is implicit in the specification of u (x, y). 


The upwash corresponding to equation (5) may be written, 
w (x, Y= $2 & y, OF)=—-T 1G (u, y)U(, v) exp[—W@?+v°FO+)]}. ©) 
G (u, v= (iu)~ (u? FH vy”) et m8 (u) | v | a i . (7) 
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The requirement z=0+ in equation (6) guarantees absolute convergence of the 
integrals in the limits -7 (u)= -% (v)=0, but in the following the results will be 
formally interpreted for z=0 (cf. footnote +). Applying the Faltung theorem"? 
to equation (6) yields 


SES Ae ee 
=-0n)| at | dreG-By-)ub) . . ® 


where R is an operator denoting double integration over all (€, 7), and g(x, y) is 
the inverse transform of G(u, v). Carrying out the integrations required for the 


g (x, y= —Gr|y |)? | duK,(u|y|)jexp(Gpx)-y? . . (Qa) 
=-2e|yp-*| du K,(u| y|)sin (ux)—y~? eee (9h) 

0 
= yl ax (x7 + y7)-3] ; ; : } . (9) 


where the path of integration for equation (9a) is indented under the pole »«=0, 
and K, is a modified Bessel function of the second kind in the notation of Watson"”). 


The result obtained by substituting equation (9c) in equation (8) evidently has 
a direct interpretation in terms of a source distribution over z=0+, and, after 
integration by parts to give integrals possessing Cauchy principal values, it is in 
agreement with results obtained by rather more direct approaches. 


4. INVERSION OF INTEGRAL EQUATION 


Equations (6) and (8) represent a direct, closed form solution for w (x, y) if 
u(x, y) is known everywhere for z=0+. Conversely, if w(x, y) is known these 
results are integral equations of the first kind for U (u, v) and u(x, y), respectively. 
The integral equation may be inverted by taking the inverse transform{ of 


+ If z is kept finite (+0), it is found that 
g(x, y=— £ {z Gry ys (ys (etyt+ 2-19] 
and no difficulties occur at z=0, after integration by parts. 


{In taking the reciprocal of G(«, v), cf. equation (7), the delta function drops out since, in any 
event, G*(u, v) has a first order zero at »=0. See, for example, Ref. 10, p. 21. 
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equation (6) and applying the Faltung theorem, namely 


u(x, y= —-T { G¥(u, Wp, v)} - . : ; s', Qo) 
u(x, Y= =r)" Tet a6, yn) w (eye » 5 Ree 
G* (yw, J=G*(#, Waipu? +y7)-? . 8. 


Taking the inverse transform of equation (12) yields 


g* (x, y)=(/)| uduwK.|y|)exp- Gun.) oan 
=-(@/=) | uduK, (ul y|)sin@x) «eee 

(0) 
——xG2+y)-/2, |. 


Here again, the results are formal, convergence being obtained through an 
appropriate choice of paths in the transform planes and interpretation at z=0+., 
followed by integration by parts in (x, y). 


5. PROBLEMS OF FIRST AND SECOND KIND 


In a problem of the first kind either u or w is known over the entire plane 
z=0+, and the results of the last two sections therefore furnish exact solutions. 
In a problem of the second kind u and w are specified over different (but compatible) 
portions of the plane, and it is necessary to solve a “dual” integral equationy. 


Referring to the symmetric (s) and anti-symmetric (a) problems previously 
mentioned, w, and u, vanish over that portion of the plane (7) not occupied by the 
aerofoil («); hence, the determinations of either u, or w, from a knowledge of w, 
or u,, respectively, in o leads to a problem of the first kind, while the determination 
of u, or W, from w, Or Us, respectively, in « leads to a problem of the second kind. 
The only exact solutions known for cases of interest in the latter category are the 
solutions for the circular”®) and elliptic’”) plan forms. 


6. UNIQUENESS 


While no adequate treatment of dual integral equations of the first kind appears 
to exist in the literature, they may be expected to exhibit characteristics similar to 


} See Ref. 11, pp. 334-342, for discussion of this type of integral equation. 
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other Fredholm integral equations arising in mathematical physics. (See, for example, 
Ref. 15.) In particular, eigensolutions may be expected for any given plan form, 
and these will generally possess singularities at the plan form edges. Various 
singularities are possible, but only singularities which are integrable, in the sense 
that they yield finite forces on the wing, can be admitted in the present problem, 
namely logarithmic and (—4) power singularities, in the symmetric and anti- 
symmetric problems, respectively’'). Now the particular solution to the integral 
equation may also be expected to exhibit a (—4) power singularity (in the anti- 
symmetric problem) at the plan form edges, so that the eigensolution may be chosen 
in such a way as just to cancel this singularity along the trailing edge, thus satisfying 
the Kutta condition and establishing the solution as unique.t The singularity along 
the leading edge remains and indeed is required (on the assumption of an ideal fluid) 
to eliminate drag (other than induced). 


The question of uniqueness is a recondite one, both mathematically and 
physically (no physical answer to the question can be given without considering the 
effects of viscosity in some detail), and it cannot be said that the question has been 
answered in any completely satisfactory way. It is, therefore, of some interest to 
remark that the same situation exists in other fields, e.g. diffraction™’), and has 
often been ignored. An interesting, if laconic, discussion of the supersonic case 
has been given recently by Hayes‘'*). 


7. VARIATIONAL FORMULATION 


A variational formulation of the dual integral equation of the first kind has been 
given by Schwinger” *). Such a formulation of the present problem leads to a 
variational expression for the drag and is of interest only for the lifting surface 
problem of the second kind (angle of attack, i.e. downwash, distribution prescribed 
over aerofoil), since it is known, a priori, that the drag for a symmetrical aerofoil 
must vanish (ideal, irrotational flow). 


The drag is obtained by integrating the product of pressure, cf. equation (3), 
and downwash (w, (x, y)= — 2%, (x, y)) over the aerofoil (~). The result ist 


Cy =(eV?o/2)-* R { [p@, y,0—-)—p (x, y,0+)] a (x, y)} 
=(4/c) R { ua (x, y) % (x, y)} : ; ae (a) 


tIt is also of interest to note that the discontinuity across the vortex sheet behind the wing is 
uniquely determined by the Kutta condition, or by any other uniqueness condition which 
might be formulated. 


{The matter of leading edge thrust (see, for example, Ref. 4, pp. 26-29) is passed over in silence 
here, except to state that the end results require no correction for such a thrust. It is not 
necessary to restrict the integration to o, since wa vanishes off o. 
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It follows from Parseval’s theorem} that equation (14) may also be written 
Cyo=4/o)R{U(y, vA (H, v)} 
=(4/7V)R{(U(, vA vy}. : ¢ (dS) 


where the bar denotes the complex conjugate. Alternative forms are given by 
substituting a(x, y) or A (vu, v) from the integral equations (6) or (8), respectively, 
to obtain 


Co=(Q/no)R? (ur, yga-hy-nulEm) + ee 


ae 


Cyp=(4/c) Ri { U (uw, v)G (pw, v) U (w, v) } : ; : ‘ vd Cla 


where R? indicates integration over both (x, y) and (€, 7). If equations (16) and (17) 
are divided by the squares of equations (14) and (15), respectively, the results are 


Cy! =(o/82)[R { u(x, ya (x, y)} ]-?x R? {uy y)g@—é y—n)ué m)} (18) 


Cot=/4(R{U@ JAG, Y}-1?xR{(G& »)|UG, |?) 2 eae) 


Equations (18) and (19) are variational in the sense that they are absolute 
minima (not merely stationary) with respect to arbitrary (not merely first order) 
variations of u or U about the exact solutions to the integral equations (6) and (8), 
respectively. A proof of this assertion, due to Schwinger, has been given 
elsewheret, it being specifically remarked that the present kernel is symmetric and 
positive definite. 


To prove the assertion that the kernel is positive definite, it may be observed 
that, since u (x, y) is real, its transform satisfies the relation 


U(—p, —vy)=U(w,») . : : } AT (20) 
whence U (u,v) U(u, ¥) is an even function of » and v, and only that part of 


G (u, ¥) which is even in p, i.e. 75(u)|¥ |, cf. equation (7), contributes to the result. 
In particular, equation (17) reduces to 


c= (8) | av /0.9F i OA eae 
(0) 


tRefi1l, p. SiG 8): . 
{See Appendix IV of Ref. 19, the proof being for a vector integral equation with dyadic kernel. 
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as obtained (essentially) by von Karman"). This result corresponds to the calculation 
of the induced drag in the Trefftz plane (x=o© or »=0). It may be remarked 
further that 


HO, aOR | dvexp (ana) | Lim CAE Via gee a OE 


and is therefore essentially the Fourier transform of the circulation about the 
“lifting line.”: The result that the induced drag is independent of chordwise 
distribution of pressure (for fixed circulation) is of course the well-known Munk 
stagger theorem. (Ref. 4, p. 132.) 


The variational gs of equation (21) is deduced from equation (19) as 


or'=(H)| te TEUNOY Cas, aD hearin”? 


The result that the reciprocal of Cp is a minimum, so that Cp is a maximum, with 
respect to variations about the true solution for the circulation is not new, for the 
usual (Fourier series) method of solving the Prandtl, lifting line, integral equation 
generally exhibits Cp in a positive definite, quadratic (in the expansion coefficients) 
form. See, for example, the work of Hildebrand). 


8. LIFT AND MOMENT COEFFICIENTS 


To complete the specification of the forces acting on the wing, the lift and 
moment coefficients will be expressed in terms of the transforms. 


The lift coefficient is defined by 
Cy=(pV 20 /2)-* R { p (x, y, O-)—p (x, y, 0+) } 


= (*)r SitoCGGY i ieees ee eee eRe ta i ln (24) 


Similarly, the pitching moment about x=a and the rolling moment about the line 
y=0 are referred to the coefficients 


Cu=()R (@-D uy) PEs aRPRR oS 


G=-(S)R (ym 9} NOR DOS: 7 TAO MAY > (26) 
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where c is a reference wing chord, and b is the wing span. These integrals may be 
expressed in terms of U (u, v), just as in the case of the circulation, cf. equation (22), 
since u, vanishes off the wing. The results are 


c.=(=)v@ a. oS 


om (M){(Quoo- (Jeo) } . en 


Ce ES (0, | io) win 9 


REFERENCES 


L. 


14. 


15. 


Mites, J. W. (1948). On Linearized Supersonic Airfoil Theory. North American Aviation 
Company, Aerophysics Lab. Report AL-801, 1948. 


SCHWINGER, J. S. (1944). Seminar on the Theory of Guided Waves. Radiation Laboratory, 
Massachusetts Institute of Technology, Cambridge, Mass., 1944. , 


Levine, H., and Scuwincer, J. (1948). On the Theory of Diffraction by an Aperture in 
an Infinite Plane Screen, I. Physical Review 74, 958-974, 1948. 


DuRAND, W. F. (1942). Aerodynamic Theory, Part Il, Div. E. Durand Reprinting 
Committee, Pasadena, 1942. 


Kussner, H. G. (1940). Allgemeine Tragflachentheorie. Luftfahrtforschung, 17, 370-378, 
1940; translated in N.A.C.A. Technical Memorandum 979, 1941. 


REISSNER, E. (1944). On the General Theory of Thin Airfoils for Non-Uniform Motion. 
N.A.C.A. Technical Note 946, 1944. 


VON KARMAN, TH. (1935). Neue Darstellung der Tragfliigeltheorie. Zeitschrift fiir 
Angewandte Mathematik und Mechanik 15, 56-61, 1935. 


Fucus, R. (1939). Neue Behandlung der Tragfliigeltheorie. Ingenuieur Archiv. 10, 48-63, 
1939, 


TREFFTZ, E. (1921). Zur Prandtlschen Tragflichentheorie. Math. Annal. 82, 306-319, 1921. 
Dirac, P. (1935). Quantum Mechanics, Oxford, pp. 21 et seq., 1935, 

TITCHMARSH, E. C. (1937). Theory of Fourier Integrals, Oxford, p. 50 (2.1.2), 1937. 
Watson, G. N. (1947). Bessel Functions, MacMillan & Co., New York, 1947. 


Kinner, W. (1937). Die kriesférmige Tragflache auf potential-theoretischer Grundlage. 
Ingenieur Archiv. 8, 47-80, 1937. 


KRIENES, K. (1940). Die elliptische Tragflaiche auf potential-theoretischer Grundlage. 
Zeitschrift fiir Angewandte Mathematik und Mechanik 20, 65-68, 1940; translated in 
N.A.C.A. Technical Memorandum 971, 1941. 


CouRANT, R., and Hrvpert, D. (1937). Methoden der Mathematischen Physik, Julius 
Springer, Berlin, Vol. II, p. 269 er seq., 1937. 


32 


17. 


18. 


20. 


A NOTE ON SUBSONIC AEROFOIL THEORY 


LAGERSTROM, P. A. (1948). Linearized Supersonic Theory of Conical Wings. N.A.C.A. 
Technical Note 1685, pp. 12-14, 71, 1948. 


Bouwkamp, C. J. (1947). (In reviewing E. T. Copson’s An Integral Equation Method of 
Solving Plane Diffraction Problems), Mathematical Reviews 8, 180, 1947. 


Hayes, W. D. (1947). Linearized Supersonic Flow. California Institute of Technology. 
Ph. D. Thesis 1947; also distributed as North American Aviation Company AL-222, 
pp. 66-75, 1947. 


Mites, J. W. (1946). The Equivalent Circuit for a Plane Discontinuity in a Cylindrical 
Wave Guide. Proceedings of the Institute of Radio Engineers 10, 728-742, 1946. 


HILDEBRAND, F. B. (1944). A Least Squares Procedure for the Solution of the Lifting Line 
Integral Equation. N.A.C.A. Technical Note 925, 1944. 


33 


r= 


‘THE LEWES PRESS (Wightman & Co. Ltd.), Friars Walk, Lewes, Sussex. 


Reprinted from JOURNAL OF THE AERONAUTICAL SCIENCES 
Copyright, 1950, by the Institute of the Aeronautical Sciences and reprinted by permission of the copyright owner 


APRIL, 1950 
On Downwash Corrections in Unsteady Flow* 


John W. Miles 
Department of Engineering, University of California at Los Angeles 
December 16, 1949 


Stee’ HAS STATED that the most important unsteady flow 
effect in the calculation of dynamic stability derivatives 
generally may be identified as the ‘complex downwash lag’’ 
factor, which will enter in the determination of wing-tail inter- 
ference. While we have taken exception to the generality of his 
conclusions,” it does appear that the downwash lag will be im- 
portant, and we wish to advance here a simple method for its 
calculation. 

Assuming the harmonic time dependence exp (iwt), the ve- 
locity potential (¢) at the upper and lower surfaces of the vortex 
sheet behind a plane wing must exhibit a dependence on the 
streamwise coordinate (x, positive downstream) which will ensure 
continuity of the pressure. If we assume that the vortex sheet 
remains in the plane of the wing (z = 0), this requirement is satis- 
fied by taking 


o(x, y,0 +) = *di(¥) exp { —ik [= 20] (1) 


k = wb/U (2) 


where U is the freestream velocity, b is a reference length, y is 
the spanwise coordinate, x:(y) is the coordinate of the trailing 
edge, $(x, y, 2) is the velocity potential, and ¢:(y) is the value of 
this potential at the trailing edge of the upper surface. Calcu- 
lating the pressure at the wing and evaluating the section lift and 
moment (about x = 0) coefficients (c; and ¢m), we find 


‘heal? | (3) 


1 
di(y) exp [ikxi(y)/b] = 4 u[ ax = A 


c,and Cm are referred to c and c?, respectively, where c is the chord. 
Now, if cy (y) represents the lift coefficient calculated in the ab- 
sence of unsteady flow effects and ¢o(y, 0 +) the corresponding 
velocity potential at the vortex sheet, we may write (assuming 
k to be small) 


cily) — (ike(y)em(y)/b) = cn(y) exp [tk5(y)] (4) 
(x, y, 0 +) = do (y, 0 +) exp {ik[8(y) — (x/d)]} (5) 


Having the potential ¢(x, y, 0 +), the calculation of (x, y, 2) is 
reduced to a classical boundary value problem. In principle, 
the solution of this problem is straightforward, but, in practice, 
it is likely to prove cumbersome; moreover, the introduction of 
such important factors as viscosity and warping of the vortex 
sheet leads to even more serious complications. However, if 
eo (x, y, 2) represents the downwash field in the absence of un- 
steady flow effects but including experimentally or empirically 
determined corrections, it appears reasonable to assume that the 
downwash field in unsteady flow, at locations not too remote from 
the vortex sheet, may be approximated by 


e(x, y, 2) = €o(x, y, 2) exp {ik[8(y) — (x/b)}} (6) 


Consider now the application of the result (6) to a pitching os- 
cillation of amplitude ao about the axis x = ab. The local angle 
of flow at the tail then may be written 


aett, = ao{1 + ik[(x/b) — a]} — er (7) 


* This work was carried out at the Aerophysics Laboratory, North Ameri- 
can Aviation, Inc., during the summer of 1949. 
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where er is the wing downwash at the tail. Substituting « from 
Eq. (6) and differentiating with respect to ao, we have 


ee eae G es) 
a ee ik{(1+—)(-- 
dag dao vat + dao) \b a 


where e7, is implicitly dependent on the coordinates of a point 
on the tail and 6 on y. Now, in the absence of downwash inter- 
ference, the term ao in aefr. would lead to a moment derivative 
Céta,+ ikCm;, the latter term being due to unsteady flow effects, 


while the term ikao[(x/b) — a] would lead to the derivative 
Cmq. Hence, in the presence of interference, we write 


ICM gs ( “) | der ) 
pecans | MU tee EC ki {1+—)c 
te Tae) ee? ar oe 
det, der, 
t= —— Cue Pea — 6) | — ] Cun | + 0k?) ©) 
dag da e 


where e7, and 6 now are assumed to have been appropriately av- 
eraged over the tail. A similar result holds for the lift deriva- 
tive, and entirely analogous results may be obtained for the de- 
rivatives with respect to angle of yaw. We remark that the cor- 
rections [1 — (der,/dao)] and [1 + (der,/das)] applied to Cag, 
and Cm,, respectively, are standard, but the introduction of the 
term Cy;, together with its downwash correction and the term 


(a — 8)Cugs generally is neglected. The last term is presum- 
ably the ‘‘downwash lag’”’ term referred to by Statler. It would 
appear that the usual analysis of downwash in unsteady flow’ 
implicitly assumes 6 = a. 

In applying the result (9), the derivative (der,/dao) may be 
calculated from steady flow theory or measured in the wind 
tunnel, so that it only remains to calculate an appropriately aver- 
aged value of 5(y). If we take this average as 


1 2, 
5== ff c(y) 6(y)dy 
ay ep ETS 


where S, c, and ] are the area, chord, and span of the wing, and 
substitute 6(y) from Eq. (4), retaining only the first power of k, we 
have 


1/2 ; 
ee ff coy + cig(y) + eo) sll Pe atiks 
Syd bad og Cle, (Y) 


(10) 


Assuming ¢i,, to be constant across the wing and taking x = 0 


at the aerodynamic center of the wing, we obtain 


6 = Ces + Cra) / Cha, |wine (12) 


For conventional wing-tail configurations, 5 will be negative. 
While it would have been a better approximation to have carried 
out the integration of Eq. (10) over the tail rather than the wing, 
it appears that the result (12) should be reasonably accurate in 
those cases where 8(y) does not exhibit large variations across 
the wingspan. Thus, the results should not be applied to heavily 
swept wings without further investigation. 
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Rea THERE HAS BEEN some speculation as to which 
of the unsteady flow terms arising in the calculation of 
aerodynamic forces on an oscillating aircraft should be retained. 
The classical procedure! includes, in addition to the ‘‘quasi- 
stationary” terms, only that term arising from the effect of wing 
downwash on the tail. Nevertheless, it has been demonstrated 
that the calculation of pitch (or yaw) damping on a quasi- 
stationary basis may lead to serious errors,? and Statler has 
shown that unsteady flow effects may be important in other 
respects. However, an order analysis of the problem in terms of 
its (dimensionless) characteristic parameters seems never to have 
been set forth, and it is to that end that the following is sub- 
mitted. 

Let x, y, 2 be a set of right-handed axes fixed in direction and 
with origin at the center of gravity of the aircraft, being positive 
in the direction of undisturbed flight, to starboard and down, re- 
spectively; Uu and Uw, perturbation velocities (U is the flight 
velocity) along x and z and @ a rotation about y; m, the total 


mass; 8, the centroidal moment of inertia in pitch; and 6X, 6Z, 
5M the perturbation forces due to the deviations u, w, 6. The 
equations of motion are 
m(0/dt)(Uu) = 6X (la) 
m(0/dt)(Uw) = 6Z (1b) 
B(0?/ot?)@ = 6M (1c) 


Then, introducing the notation of Durand (reference 1, pp. 130- 
135; however, Durand uses axes fixed in the body), we have the 
following dimensionless notation: 


BR = m/(eSI) (2) 
kp = B/(upSl*) = B/(mi?) (3) 
h = (ul/U)(0/dt) (4) 
6X = —pU*Sx (5a) 
6Z = —pU*Sz (5b) 
65M = —pU?Slkam (5c) 
67 (1/2)6Cpb — [tug 5 (X/ pm) uy Jee a 
[Xwo F (A/m)%w Jw + [x0 + (A/u)x0,]8 (6a) 
2 = (1/2)6CL = [Zu =F (A/u)S uy lu 6 
[S100 + (A/M)3 wi Jo + + [é,, =F (A/1)20, Jo (6b) 


T= — (1/2)(6Cu/ke) = [ug “a (A/u) mu Ju ap 
[77 w9 =e (A/u)m w, ]w Ae [me Te (A/u) mg, 10 (6c) 


where / is a characteristic length. Eqs. (la)-(1c) then read 


u+x=0 (7a) 
lw + z=0 (7b) 
\%™ + um = 0 (7c) 


To obtain the stability quartic, we require the determinant, 
F(x, «), of Eqs. (7a)-(7c) to vanish. Arranging this determinant 
in powers of \ and y, we have terms of order peo Sb = 2"and 
A* % % 10. Now the order of magnitude considerations that dis- 
tinguish dynamic stability from flutter, where such distinction is 
possible, require » to be large and X to be of order one. (In this 
connection, we remark that, for harmonic motion, \ = uk, where 
k is the reduced frequency introduced in flutter work.) Thus, 
if u is sufficiently large to justify the original neglect of terms of 
order (A/)* in Eqs. (6a)-(6c), which would have contributed 
terms of order »~! to the end result, we may consistently retain 
only terms of order uw! and y® in the determinant of Eqs. (7a)- 
(7c), whence we obtain 
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FQ, ») = AM + B+ OM + DALE (8) 
pA = ol OCi-*) : (9a) 
B= (Xuy + Zu, + mo,) + O(u-*) (9b) 
a pm, + 
[CC eG eae 
( 2) | + 0G) @e) 
lt ke Ke ae (Gs a+ i a ale 


Z xsm 
(ass Wy ") 2 G Wo ay Os) 
x osm 
E= > Gs Wo ie) se 


where the parenthetic sets of four and six variables denote Jacob- 


ians; e.g., 
Ges mn 
Uo We A% 


Eqs. (9a)—(9e) simplify considerably for the case of free (power- 
off, no autopilot) flight at small angles of attack (a), in which 
case (due to our choice of axes fixed in direction) 


| 

Xup Xwo XOo 
Zup 2wo 26 
Muy Mwy MA 


(10) 


(0/dw)o = (0/08)o = (0/da) (11) 

Also, we may prove that 
(0/06): = (0/dg) + (0/de) (12) 
(0/dw) = (0/d«) (13) 


where (0/0qg) implies steady flight at constant angular velocity 
(e.g., along a curved flight path, as in a pull out) and & denotes a 
vertical acceleration, positive down. In view of the assumption 
of small angle of attack, we also may neglect drag terms relative 
to lift and moment terms, and Eqs. (9a)—(9e) reduce to 


(14a) 


Aa aul) 
B = (2q + mq + ma) (14b) 
zm 
C = uma ( a3) (14e) 
x mM x 2m 
ve = eee) aes) 
E=0Q0 (14e) 


It follows that, in this case at least, the only unsteady flow term 
of importance is mg. 

We should expect this last conclusion to be equally valid, inso- 
far as aerodynamic (as opposed to autopilot) terms alone are 
concerned, for power-on flight, but the neighborhood of stalled 
flight may not be included without further investigation. More- 
over, in interpreting Eqs. (14a)-(14e), it should be remarked that 
2q 2a, Mg, and mg, when properly calculated, all include down- 
wash effects of wing on tail.4 

A similar analysis of the equations of lateral stability could be 
carried out, although it would be necessary to use axes fixed in 
the body and to discuss the effects of yawing the wake. 
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D® NEUMARK (R.A.E., FARNBOROUGH, ENGLAND) has 
pointed out that the result H = 0 in Eq. (14e) of a recent 
note! on this subject is at variance with the usual result for free, 
power-off flight. This was due to an incorrect assumption that 
XG) = Xu = Xq@, Whereas we can state correctly only xg, = xq, and 
Eqs. (14) should read 


Az=1 (14a) ~ 

B = (Zq + mq + M&) (14b) 

C= pitta + (: ") (14c) 
aq 


S 
I 


x m x 2m 2m 2m 
(tea) eee [(05) +07) 
Uy @ Uy a g Uo 04 Uy a 


(14d) 


VOLUME 18, No. 3 


E = p( M(kope 
= p(x, — x 

L 0 wo rh (14e) 
the notation being that of reference 1. 

Further, the derivatives with respect to 41, representing virtual 
inertia in the direction of flight, may be established as small by 
direct dimensional considerations, and mw, generally is small, 
vanishing for trimmed flight at low speeds. With these approxi- 
inations, Eq. (14d) reduces to 


D= a (? "a(* : a + Zuo (X65 — Xw) (mq + mx) 


un @ uo a g 
(14d’) 
Hence, the conclusion that mz is the only unsteady flow term that 


need be included in the longitudinal stability equations remains 
unchanged. 
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ON NON-STEADY MOTION OF SLENDER BODIES 
by 


JOHN W. MILES 
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SUMMARY 


Following the original work of Munk, Jones, and Ward for steady flow, a 
solution is given for unsteady, supersonic flow over very slender bodies of revolution 
and wings. The results are subject to the restriction (M?—1)6? log. [((M’—1) 9] 
<< where 64 is the slenderness ratio, M is the Mach number and, in addition, 
to the usual restrictions imposed by linearisation. As examples, the lifts and pitching 
moments on flat wings and bodies of revolution executing pitching motion and the 
damping moment on a rolling wing are calculated. 


It is shown that the order of approximation is consistent with the limitations 
already imposed by linearisation, at least in supersonic flow, where no Kutta 
condition is required. 


Notation 
A wing aspect ratio (see equation (28) ) 
Cy, lift coefficient 
Cy pitching moment coefficient 
C, rolling moment coefficient 
D /Dt differential operator with respect to time 
I, see equation (24) 
L .iift (transverse) force 
M_ Mach number 
R _ radius of cross section of body of revolution 
S area of wing plan form 
S, base area for body of revolution 
S(x) area of cross section of body of revolution 


free stream velocity 


Paper received January 1950. 
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a fraction of body length of axis of pitch aft of nose 
b span at x 

c sonic velocity in free stream 

k reduced frequency (see equation (9)) 

l body length 
m apparent mass of cross section 

p angular velocity in roll 

r _ polar co-ordinate 

time 

w  downwash, i.e. velocity transverse to free stream 

x, y, z Cartesian co-ordinates 

a amplitude of pitch displacement (see equation (19) ) 
8) (Met 

y semi-apex angle of triangular wing 

6  slenderness ratio (maximum width/length) 

6 polar co-ordinate 

p density 

@ velocity potential 

7 dimensionless time (Ut/I) 

® angular frequency 


1. INTRODUCTION 


The solutions for steady flow past slender bodies of revolution and narrow 
wings were first given by Munk“) and Jones) respectively. More recently, a 
critical treatment has been given by Ward). An extension of their work to the 
problem of unsteady flow is presented here, treating only the lifting forces. While 
the results of the slender body analysis are independent, in a restricted sense, of 
Mach number, the supersonic case will be treated primarily since the effect of the 
wake may then be disregarded. 


It is assumed that the body lies in the immediate vicinity of the x axis, its 
most forward point projecting on the origin and its length being 7. The free 
stream of velocity U is directed along the positive x axis, and the theory is 
linearised in the usual manner. The velocity potential then satisfies the linearised 
equation 


: 1 (oh ON 
VieGy, z= (Use +) @A(X 29,92, :2), : (1) 
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where c is the sonic velocity in the undisturbed medium. It is convenient to assume 
the co-ordinates (x, y, z) to be dimensionless, with /] as the unit of length, and to 
introduce the dimensionless time 


Rese: : : ; ; : (2) 

Expanding the Laplacian and introducing 7, equation (1) reads 
Puy t+ b22=PB°bon+2Mber+M7o-,, . «© «© «= (3) 
where MaU ic s8=H0—1)5 &; ' : E : (4) 


The slender body approximation in steady flow assumes the flow to be 
essentially two-dimensional at every cross section, thereby implicitly neglecting 
the term £79,,. In the case of a steady flow past a body of revolution, Lighthill™ 
has shown that this is the best approximation which is consistently allowed within 
the framework of the linearised theory. This approximation naturally breaks down 
for sufficiently large values of 6’, i.e. in the hypersonic régime but, since the 
linearised theory itself is invalid for large M, this does not represent an entirely 
new limitation. More precisely, if 6 is the slenderness ratio, the slender body 
approximation (in steady flow) requires 


Kear log (eajee— lee en eek at pAlb), 


whereas the hypersonic limitation requires Mé to be small, so that the two 
restrictions are not exactly equivalent. For a more critical discussion of the slender 
body approximation in steady flow, the reader is referred to the work of 
Lighthill * *) and Ward), 


Turning to the case of unsteady flow, reference is made to a general discussion 
of the linearising process for the two-dimensional case which has been given recently 
by Lin, Reissner, and Tsien”). They conclude that necessary conditions for the 
validity of the linearised theory are 


hi eek late : ; : : (6) 
kKMi<=— 1, . ; : : : (7) 


where 6 is the thickness or amplitude of oscillation, whichever is larger, referred 
to /, and 1/k is a characteristic time, cf. equation (9). They also conclude that 
if M is not large and either | 1—M| or k >> & the linearised theory for unsteady 
flow is valid even in the transonic range. In this connection £8 is the important 
parameter in the slender body approximation in steady flow, cf. equation (5), 
whereas Ward'*) evidently assumes 8=O/(1) and uses 8 alone. 
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No attempt will be made to discuss here the sufficiency of the foregoing 
conditions for linearisation of the three-dimensional, unsteady flow problem, other 
than to point out that, in the case of the body of revolution, there is the additional 
complication of possible singularities on the axis, as a result of which logarithmic 
terms are introduced in the order of magnitude approximations. However, a very 
cursory examination of the analysis of Ref. 7 makes it evident that the restrictions 
(6) and (7) also will be necessary in the three-dimensional case. Accordingly a 
two-dimensional cross flow will be assumed and the result examined a posteriori, 
in the light of the restrictions. 


2. THE SLENDER BODY SOLUTION 


The transverse oscillations, exhibiting the harmonic time dependence exp (iw), 
of a pointed body of revolution, described in cylindrical polar co-ordinates by 
r=R (x), will be considered. The (linearised) boundary condition, to be satisfied at 
the mean position, is given by 


or (x, r, 8, 7) | rR) = —W(x)cosOexp(ikr) . : ‘SD 
k=ol/Uae. ; ‘ : ; ‘ (9) 


where k is the reduced frequency parameter, and w (x) is the prescribed downwash. 
There is also the implicit condition that the disturbance vanish at infinity in the 
proper manner (the Sommerfeld “ radiation” condition). 


If two-dimensional flow is now assumed at any cross section by neglecting the 
x derivatives in equation (3), 
| 1 : 
Pre + GS Aun as 2 90=M Orr. . . ° . (10) 
A solution to equations (8) and (10), which represents an outgoing disturbance at 
infinity, is given by 


w (x) H (2) (KMr) cos 6 exp (ikr) (11) 
KM [Hy 2)’ (KMr) ) =n (e) ; 


o (x, r, 8, T)= 


where H,(.) is Hankel’s function of the second kind and order one. In the vicinity 
of the body, where r~R=O (6), equation (11) reduces to 


cos ? 
r 


o (x, r, 8, T)=Ww (x) R? (x) ( ) exp (ikr) {1+ O[(kM6)? log. (kM38)}} = (12) 
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Moreover, 
fees 
O ] =(kM5) (M68) : ; ; el S) 
part 
Bbox | 
O;} 1 =(M65)’. : : , . . (14) 
Wag 


It follows that, in view of the restrictions of equations (6), (7), the approximate 
solution of equation (12) is all that is justified by the linearised theory. 


While the foregoing discussion has been limited to a body of revolution, a more 
zeneral analysis could have been given, following that of Ward. Thus it is found 
that the linearised flow about any slender body may be approximated as a solution 
to Laplace’s equation provided that, in addition to the restrictions imposed 
by linearisation, both the maximum angle between any tangent plane to the body 
and the free stream direction and the rate of change of this angle are O (6) and the 
curvature of any section is O(1/d), where d is the maximum section diameter, at 
all points where the section is convex outwards (there being no similar restriction at 
points where the section is concave outwards). The last restriction guarantees 
small disturbance velocities, relative to U. If it is not satisfied, as in the case of 
thin flat wings, it can no longer be asserted that equation (12) correctly describes 
the order of the approximation, but this difficulty is present whenever the linearised 
theory is applied to thin wings, and the resultant errors in integrated results (such 
as lifts and moments) generally are acceptable. 


In considering bodies of arbitrary cross section, generally it is necessary to 
consider the interaction of the axial flow, which will introduce a logarithmic term 
in the potential, and the cross flow, as done by Ward"). In the special case of a 
body of revolution the axial flow has no net effect on the transverse forces, by 
virtue of symmetry, although naturally it must be included in the calculation of the 
drag. Thus, the concept of virtual mass may be introduced in the calculation of 
the transverse forces acting on a body of revolution and, also, on a slender, flat 
wing, since the axial flow introduces no disturbance in the latter case. (The 
application of the virtual mass concept to such problems is due to Jones®.) In the 
case of a winged body of revolution, on the other hand, the axial flow due to wing- 
body interference must be considered, and the concept of virtual mass is no longer 
sufficient for a complete analysis. 


Since the solution to equation (3) for unsteady flow is identical with that for 
steady flow, the difference between the two cases manifests itself entirely in the 
linearised Bernouilli equation, namely : — 


pressure = — p Ao= — pU (9,+ik¢). . : q cL) 
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Thus, if m(x) is the virtual mass of a cross section at x, the transverse (lift) force 
may be calculated directly from Newton’s law, namely : — 
~ = 2 [mew @exp (ikr)] 
Ox Spite P 
=) (2 +ik)[m (x)w(x)]exp(ikr) . : 6 (46) 


3. BODY OF REVOLUTION 


The potential for this problem has already been obtained, cf. equation (12), 
and equation (16) is applied directly. The virtual mass of a circular cross section 
is given by 


T(x) = psi) = TP) : 3 : me ee) 
whence equation (16) reads 
- LGU? (< +ik)|s (@ we) exp (jkr). >.) San 


The case of principal interest is that of a pitching oscillation of amplitude 
a about x=a, for which 


w (x)=Ua[1+ik(x-a)] . é ; 3 . ¥ff9 


If the lift and moment (with respect to x=a) coefficients are defined by 
al 
C,=[4pU’S, exp (ky | JER CA Vib ote : or 20)" 
: 
1 


Cy =[4pU?S,] exp (ikr) J | (a-DU@dx ee 


0 


where S,=S(1) is the base area, equations (18) and (19) yield 


C2 2118iK A ah 12 RGLZD © Oe 

Cys 2 (12-1) —-ik ey te (ite tele 
ah 

1= | Sax. YS ie ae ae re ae 


0 


It is of particular interest that the imaginary part of Cyn, i.e. the damping moment, 
vanishes for an axis through the base (a= 1). 
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4. LOW ASPECT RATIO WINGS 


In this section low aspect ratio, pointed wings, are considered, of span b (x), 
subject to the restriction 


b’ (x)= 0. : : ; : : LZ) 


In the more general case, where equation (25) is not invoked, it would be 
necessary to impose the boundary condition 


g(x, y, O+)=explik(x,0)-x)]¢110)y¥,04]  - - (26) 


at points in the wake aft of the maximum cross section, x, (y) denoting the trailing 
edge. Equation (26) ensures continuity of the pressure across the wake, even 
though the potential itself is discontinuous there. Effectively the imposition of 
equation (26) spoils the assumption of a two-dimensional cross flow, since the 
boundary conditions at sections aft of the maximum span are no longer independent. 


In the case of steady flow over a flat wing with constant incidence, Jones‘) 
and Ward) have shown that this boundary condition is satisfied by making the 
cross flow about all cross sections aft of the maximum span identical, so that no 
lift force arises (i.e. D/Dt=Ud/dx=0). Unfortunately this neat state of affairs 
does not prevail in the case under consideration, both due to the phase factor in 
equation (26) and the dependence of the local incidence, w (x)/U, on x. 


Despite the restriction of equation (25), continuity of the pressure also would 
have to be required at the trailing edge if the flow were subsonic, in satisfaction of 
the so-called Kutta condition. From the mathematical viewpoint, the Kutta 
condition, as applied in conventional aerofoil theory, is essentially a uniqueness 
condition and is required because of the existence of eigensolutions to the boundary 
value problem. In the case of the slender body solution, however, the solution for 
the two-dimensional cross flow is already unique for the boundary conditions stated, 
and no eigensolutions exist. The answer to the apparent paradox lies in the 
violation of the initial assumptions on which the slender body approximation rests, 
for if the potential is discontinuous at the trailing edge its x derivatives most 
certainly cannot be assumed small. Thus, while it has sometimes been stated that 
the slender body approximation is valid for subsonic, as well as supersonic, flow, 
this may be asserted with certainty only in those special cases* where the Kutta 
condition is satisfied automatically. While it may furnish acceptable results in 
other cases, the order of the error can be established only by a more thorough 
investigation or by comparison with experiment. Similar objections may be 


*Such as the elliptic wing used by Jones) as a basis of comparison between the slender body 
approximation and a known exact result. 
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levelled at the application of the slender body approximation to the analysis of 
subsonic flow about a body of revolution having a base of finite area, but in this 
case no satisfactory theory exists to describe the actual phenomena, which must be 
heavily influenced by viscous effects. Accordingly this investigation is restricted 
to supersonic flow over wings with monotonically increasing span (which implies a 
straight trailing edge, transverse to the flow), so that no section is influenced by 
events occurring downstream. 


Returning to the special category of wings described by equation (25), the 
approach of equation (16) is used. The virtual mass of a flat plate is identical with 
that of the circumscribed, circular cylinder, whence 


MO=(C/a)n0 Go. : 5 4 oe 


If the lift and moment coefficients are referred to the plan form area S, and the 
aspect ratio is introduced 


A Dae] S.aaets ; ; ; ‘ p23) 


where b, is the maximum span (in this case, the span at the trailing edge), the 
results may be taken over from those for the body of revolution by multiplying 
the latter by (tA /4) and replacing S(x) by b? (x) in equation (24). 


The simplest, pointed, low aspect ratio wing, and perhaps the only one of any 
practical importance, is the triangular wing, for which 


DO), =x, 2), = a : : , Men 4, 

In this case 
= (nA}2) E ai (¢ -a) ye é z *)] el 
Cua= (42) — (<a) -ikd-a)’ ie 5- $+ a el 


5. NON-PLANAR MOTION 


Consider now the more general case, where the motion of the wing is not 
plane. The problem is one in potential flow (because of the slender body 
approximation) and, in principle, is straightforward. 
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y+iz=rel@ + (b/,) ete 


Fig. 1. 


Mapping of wing section on circle. 


A section of the wing is shown in Fig. 1. The (linearised) boundary 
conditions are 


(x, Y, Z)| -0x= —W(x, y), |y|< 4b) Seubadt 2 KEpD 


g(x, y, 0)=0, |y|>4b() Sel etent (33) 


@(x, y,z)—> 90, ly|, |z{|—> ie tee ee (34) 


> 


while ¢ is required to satisfy Laplace’s equation 


Dyy =f bz, — 0. e . e . ° e (35) 
The harmonic time dependence factor has been suppressed. 


The desired solution is obtained by mapping the wing (z=0, |y|<.b/2) on 
the circle r=(b/4) with the aid of the Joukowsky transformation 


Diese 
piz—rer + \ SL 
y+iz=re (2 rs (36) 


as shown in Fig. 1. 
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Proceeding in the usual manner, a solution to equations (32) to (35) is given by 


b _ bG) & FbQ) aaa Go De ; 
9 (x, Fos 6, z =2@ 3 (Pe w X, 7 COS ¥ sinnysingdy . (37a) 
0 


© f(x ® cos.e)singlog,[ tr! bY =2 Gr/b)cos 6+ 2) 
w(x. 300s ¢ sin loge bebo 


" ene 


On the aerofoil (r-=b/4), equation (37) reduces to 


d (x, 2 cos 4, 0+) =2@ S sin nd 
2 ia 


n 


ies (2 +5 COS § >) sin ng sin ¢ dg . (8a) 


0 


me) 2 AG: yeose)sin log elas. . 688) 


For the lift and rolling moment on the wing section at x, the following 
integrals are required 


4b (x) 
velx)= | o(x,y,0+)dy . p : : : . (39a) 
— 4b (2) 
~ 2G) ’ (2,3 c0s 6, 0+ ) sin 6d0 . ee 
0 
— b al w (x. > cos 0) sin? Odd . e : . -B9e) 
0 
3b (x) 
AG@=| ony 0b. . | | 7 
—3) (2) 
ae 2) 6 (x Zcose, 0+) sin 8 cos 6 a0 . . (406) 
0 
es b =| w (x2 cos ) sin 26 sin 6 dé : . (40c) 
0 


As an example the damping due to roll (angular velocity p) is considered. 
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The downwash is given by 
w (x, y)=py=p [b (x)/2] cos 6 : : ; . 41) 


and the rolling moment coefficient by 


1 4b (2) 
C,= —[4eU?Sb,]-* ax | [—2p(x%, y.0+)]ydy . . (42a) 
0 —4b (2) 
4 +2 A@) (x) 7 
-- 4G Boa - dx 2 : : : yo 425) 


Substituting the distribution (41) in (40c) and the latter in equation (425), 


Cy= EL = (A /32)[ 1 4k iE © as | Rae G43} 
a (we 
2U : 
The real and (negative) imaginary parts correspond to the damping and inertia 
respectively. For a triangular wing of semi-apex angle y, the aspect ratio A=4 tan y, 
and equation (43) then gives —(x/8)tany for the damping moment coefficient. The 


exact (linearised) result for the damping in roll of a triangular wing in supersonic 
flow has been calculated by Robinson\*) and, in the limit of small y, yields 


C,,= —(* tan y)/8+O[(6 tan y)' log. (6 tany)] . : . (44) 


in agreement with the result above for small y. The comparison reveals that the 
accuracy of the slender body approximation in predicting integrated force coefficients, 
relative to the three-dimensional, linearised theory, is correctly indicated by equation 
(5), despite the violation of the restriction on curvature of convex sections. Similar 
comparisons also have been made for the results (30), (31) with the limiting forms 
of the complete longitudinal, stability derivatives®’ (Robinson) gives only the 
quasi-stationary results, neglecting the time derivatives in the Bernoulli equation and 
the continuity equation). 
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On the Response of a Directive Antenna to 
Incoherent Radiation® 
FREDERICK W. SCHOTT, MEMBER, IRE 


Summary—The relative response of directive antennas is de- 
pendent on the mechanism whereby the energy is conveyed. This 
fact, which often seems to be neglected, is of particular importance 
when the energy arriving at a receiving antenna can be represented 
in terms of a spectrum of incoherent plane-wave components. Such 
may be true frequently in the extraoptical propagation of microwaves. 

A study of an idealized situation is presented which compares the 
behavior of several pencil-beam antennas of varying aperture. A 
brief comparison with some recent observations is made. 


INTRODUCTION 
plige CONCEPT of antenna gain is a useful tool 


for computing the power received by an antenna 

when the incident radiation consists of a single, 
substantially plane, wave. However, when the incoming 
radiation is of a more complex nature as, for example, 
when due to an aggregate of scattering elements ran- 
domly located, the gain concept must be applied with 
some caution. 

The purpose of this paper is to indicate the manner in 
which the power received by a directive antenna de- 
pends upon the distribution of the incident radiation 
and to illustrate the result with an application to a 
- pencil-beam antenna. 


THE WEIGHTED ANTENNA GAIN 


A directive antenna whose axis is chosen as the refer- 
ence direction is shown in Fig. 1. A parabolic antenna is 
shown; however, the form of the antenna is immaterial 


ANTENWA 


Fig. 1—Directive antenna and associated notation. 


at this point. It is supposed that the incident radiation 
consists of many plane-wave components, and it is as- 
sumed that the mth component is arriving from the 
direction 0,, ¢n, where 0, represents the colatitude and 


¢, the azimuth. Because of the directive characteristics 


of the antenna, this wave produces a component of 


* Decimal classification: R125XR326.8. Original manuscript re- 
ceived by the Institute, May 9, 1950; revised manuscript received, 
October 2, 1950. Presented, IRE-URSI Symposium on Antennas 
and Propagation, San Diego, Calif., April 3, 1950. 

t University of California, Los Angeles, Calif. 


voltage of relative amplitude a, at the antenna output, 
1.€., 


An = O(n, bn). 


The resultant amplitude (voltage) at the antenna out- 
put due to the many plane waves is then 
N 
dite ys ae, (1) 
n=1 
where a, represents the phase of the mth component 
relative to some arbitrary reference and is assumed to be 
random. 


The power associated with this resultant voltage (ex- 
cept for a constant of proportonality) is then 


2 


SMe oi aod Se a che (2) 
1 n=1 
and the average power 
o N 
S = >> Gam (3) 
n=1 


because of the random nature of the a’s. If the plane- 
wave components are sufficiently numerous, the above 
summation over m can be represented by a correspond- 
ing integration over the appropriate directions. Since the 
element of area is proportional to sin 6d0dq¢, the average 
is given by? 
2a = 
ite if if a*(6, @) sin déd¢, (4) 
0 0 
where C is a constant and a(@, ¢) now represents the 
probability per unit area that the component of ampli- 
tude a is associated with the direction 0, @. 
Because a(@, d) is a measure of the relative amplitude 
at the antenna output, it represents the effect of antenna 


directivity as well as the directional character of the 
radiation itself. Hence 


a*(6, ¢) a a,7(0, $)G(8, ), 


where a;(@, @) is the relative amplitude of the plane- 
wave component in the direction of polarization of the 
antenna arriving from the direction 0, ¢, and G(6, ¢) is 
the gain function? of the antenna in a homogeneous 
medium. 

If an isotropic antenna were used, the average re- 
ceived power would be given by 


1See P. M. Morse, “Vibration and Sound,” McGraw-Hill Book 
Co., New York, N. Y., p. 383; 1948. 

* As defined, for example, by S. Silver, “Microwave Antenna 
Theory and Design,” Radiation Laboratory Series, McGraw-Hill 
Book Co., New York, N. Y., vol. 12, p. 3; 1949. 


678 PROCEEDINGS 


2a T 
Sr=C { { a,2(6, @) sin ddd. (5) 
0 0 
Thus, the power received by the directive antenna rela- 
tive to that received by an isotropic antenna is 


2a 7 
f f a7(0, )G(@, d) sin 6d0d¢ 
0 0 


27 T Z (6) 
i i a17(0, ) sin 6d6d@ 
0 0 


which might be termed the “weighted” gain. This rather 
general result must include, as a special case, that of 
radiation arriving from a single direction, 6;, ¢:. In the 
latter case the directivity of the incident radiation may 
be represented by the delta function, i.e., ai(6, $) 
=6(0—61, 6—¢1), giving 


Lal] ul 


: G(6 
3, are ( 1) 1), 
as required. 

It should be noted that the result using (6) is deter- 
mined by the method used to illuminate the scattering 
elements as well as their own directivity characteristics, 
since this determines ai(@, @). An analysis by Booker 
and Gordon,’ based on the work of Pekeris,* has given 
explicit results for certain cases of forward scattering 
due to atmospheric inhomogeneities. 


EXAMPLES 


As an illustration of the use of (6), the following case 
will be considered: It will be assumed that the antenna 
is viewing the “center” of a scattering region:such that 
a(0, 6) =a,(0) only, and furthermore that the incident 


DISTRIBUTION OF RADIATION, Q)- 


@o- 
COLATITUDE, @ 


Fig. 2—A theoretical distribution ‘of incident radiation. ' 


_ *H.G. Booker and W. E. Gordon, “A theory of radio scattering 

an th troposphere,” Proc. I.R.E., vol. 38, pp. 401-413; April, 
ri woh be Pekeris, “Note on scattering in an inhomogeneous me- 

dium,” Phys. Rev., vol. 71, p. 268; February, 1947. be 


POWER RECEIVED RELATIVE TO ISOTROPIC ANTENNA= db 
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OF THE LR.E. June | 
plane-wave components arrive uniformly from all direc- 
tions within the cone semiangle 6», and that no radiation 

is arriving from outside this region. This is indicated in 
Fig. 2. In addition, it will be assumed that 


G(9, ¢) = G(6) | i 
only. Thus (6) becomes ; 


9, 
. f G(@) sin 6d0 
0 


9 
f sin 6d6 
0 


The assumptions leading to (7) would be, in general 
quite severe; however, there are instances where highly 
directive antennas are used in which such restricted re- 
sults may be of value. 

To obtain specific results, four parabolic antennas 
having apertures of 12, 18, 30, and 48 inches, respec- 
tively, have been studied, using (7). For each antenna 
the gain function in the # and H planes was measured at 
9,375 mc and the average used as G(@). This procedure 
is appropriate® inasmuch as the significant portion of the 
pattern is nearly identical in the two planes. 

The results, expressed as a function of 09, are shown 
in Fig. 3. 
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EXTENT OF SCATTERING REGION, @-DEGREES 
Fig, 3—The response of parabolic antennas to scattered radiation. 4 


5 See page 413 of footnote reference 2. 
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It may beseen that if the radiation is arriving from a 
region which is sufficiently large, i.e., if @ is large rela- 
tive to the beam width, the received power is independ- 
ent. of the antenna aperture. Furthermore, in a case 
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the average received power would usually increase when 
a higher gain antenna was used, but never in proportion 
to the gain increase. In a typical situation, changing the 
aperture from 18 to 30 and from 30 to 48 inches corre- 
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Fig. 4—Relative response of directive antennas. (March 6, 1950; 9,340 mc; transmitter aperture, 18 inches; 
transmitter and receiver cab elevation, 0 foot; separation, 46.2 miles.) 


such as this, where the minor lobe pattern is insignifi- 
cant, the incident radiation could vary in any manner 
outside the main portion of the beam, such as indicated 
by the dotted curve of Fig. 2, for example, without in- 
validating the above observation. 

Microwave propagation experiments in the Arizona 
Desert have indicated that in many cases scattering may 
have.been the dominant mechanism involved, and recent 
studies have been made to learn more of the nature of 
these scattered fields. Although a complete analysis of 
these data will follow in a later paper, two preliminary 
observations may be noted: 

1. Only during the evening, under conditions of a 
strong temperature inversion, or during the day when 
high in the diffracted region, was the average received 
power proportional to the gain of the receiving antenna. 
At these times the fields did not fluctuate greatly. 

2. During the daytime with low antenna heights, 
when rapid scintillations of large amplitude were noted, 


sponded to measured gain increments of 3.7 and 4.5 db. 
whereas the observed power increased in steps of 2.1 
and 2.4 db, respectively. This is illustrated in the lower 
portion of Fig. 4. The upper data represent a less com- 
mon but more striking example of this phenomenon. 
(The markers at the left indicate 10-db intervals.) 


CONCLUSIONS 


There are many situations where an arriving wave 
can be represented only by a spatial spectrum of essen- 
tially incoherent plane wave components. This seems to 
be true often in the extraoptical propagation of micro- 
waves,® and it is felt to be of significance in the optical 
range in the presence of appreciable rain attenuation. 


¢ Recent experimental results presented by A. W. Straiton and 
D. F. Metcalf at the IRE-URSI Symposium on Antennas and Propa- 
gation held in San Diego, during April 3-5, 1950, suggest that extra- 
optical propagation at FM frequencies may also be due to atmos- 
pheric scattering. 


680 PROCEEDINGS 
When it is desired to predict the manner in which a 
particular receiving antenna will perform under such cir- 
cumstances, considerations of the type indicated may be 
appropriate. . 

In this connection it must be emphasized that the 
frequently used engineering procedure for expressing 
the power associated with an incident field may be mis- 
leading and erroneous. It is quite common to find fields 
expressed in decibels relative to a particular microvolt- 
per-meter level.’ This is accomplished by the use of a 
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calibration which is appropriate when the wave front is 


essentially plane; however, this same calibration is then 


used regardless of whether or not the radiation ts known 


to be of this type. 

If the distribution of the incident radiation is un- 
known, one can only state the power received by the 
particular antenna configuration used. 


7E. W. Allen, W. C. Boese, and H. Fine, “Summary of Trop- 


ospheric Propagation Measurements and the ‘Development of Em- 
pirical VHF Propagation Charts (Revised),” Federal Communica- 
tions Commission, T.1.D. Report No. 2.4.6.; May 26, 1949, 
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On Virtual Mass and Wave Drag at Subsonic 
Speeds 


John W. Miles 


Associate Professor Department of Enginzering, University of 
California at Los Angeles 


June 20, 1950 


HE PROBLEM OF IMPULSIVE MOTION of a body in an ideal, in- 

compressible fluid has been discussed by Lamb, Larmor, 
Kelvin, and others.1 As might be expected from the concept of 
virtual mass,” an impulsive force is required to generate impulsive 
motion, insofar as the fluid is assumed to be incompressible. 
However, if the compressibility of the fluid is taken into account, 
the force required to generate impulsive motion may be expected 
to remain bounded and to vanish only asymptotically with time. 
Moreover, the concept of virtual mass, while still valid for the 
description of the energy and momentum of the fluid flow in the 
steady state, is of no direct aid in computing the transient re- 
sponse. In particular, we find that the work required to generate 
impulsive motion is not entirely recoverable, so that the process 
is irreversible, and some part of the starting force must be re- 
garded as ‘‘wave drag.’’ (Indeed, the present remarks were 
motivated by a brief discussion of just this question with Prof. 
Th. von Karman, who raised the question of the validity of the 
virtual mass concept in a compressible fluid. Our thanks also 
are due to Prof. H. K. Forster, with whom we discussed the same 
question. Professor Forster pointed out the similarity between 
the present situation and the acceleration of an electron, with 
which is associated radiation.) 

As a simple example, we consider certain aspects of the sudden 
acquisition of a velocity v by a body in an ideal, nearly incom- 
pressible fluid. First, after equilibrium is attained, the flow will 
be potential, and there will be no resultant force on the body. 
Second, if m is the virtual mass of the body in this potential flow, 
the final momentum of the associated flow will be mv, whence the 
total impulse required to impart the motion is given by 


i= fr Fo dt 


mv 


(1) 


(Of course, if the fluid is truly incompressible, the time required 


is zero and the force infinite, but this indeterminacy does not affect 
the integrated results.) Third, since this force acts at a constant 
velocity, the total work done is given by 


We = ie F (t)v dt = mv? (2) 
Fourth, the kinetic energy of the associated flow, after equilibrium 
has been established, is given by 


K.E. = (1/2)mv? (3) 
It follows that an equal amount of energy [(1/2) mv?] has be- 
come unavailable during the period of transient motion. More- 
over, if the body were to be stopped suddenly, the remaining 
(1/2)mv? also would be rendered unavailable. The agency of 
dissipation, in both cases, is radiation, and the associated force is 
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appropriately designated as ‘‘wave drag,” although this term 
generally is applied only to supersonic configurations. 

We remark that a result somewhat analogous to the foregoing 
arises in the rather more transparent problem of a linear system 
of one degree of freedom. Thus, if an ideal capacitor is charged 
by a suddenly applied constant voltage source, the final energy 
stored in the capacitor is only half that delivered by the source, 
even though there is no (ohmic) resistance in the circuit. In 
both cases, we have irreversibilities, albeit without direct degra- 
dation of energy. 

In seeking an explicit solution to the foregoing problem, di- 
mensional consideration leads us to write 


F(t) = mo(c/1)f(ct/l) (4) 


where / is a characteristic length and (J/c) is a characteristic time, 
the characteristic velocity being chosen as the sonic velocity c. 
Similarly, if a constant force F is suddenly applied to a body, we 
write for the resulting acceleration 


(d/dt)o(t) = (F/m)g(ct/l) (5) 


In the case of a circular cylinder of radius a, moving normal to 
its axis, we find on the basis of the acoustic approximation 


(v/c< 1) 


1 1 5 
ie) ail = 5” _ ian + 48° + O(x*) (6a) 
= —2x-3 — [62 — 24 In (2x) ]x-5 + O(x—7 In? x) (6b) 
aS 
g(x) = 6) + eal ae + 0(x?) (7a) 
=1—x* 7+ [4.232 — 3 In (4x)]x-4 + O(v-* In? x) = (7b) 


where 6(x) is the Dirac delta function, and the characteristic 
length is a. It is of particular interest that f(x) changes sign. 
In connection with g(x), we remark that the actual apparent mass 
is initially zero, jumps immediately to 2m, decreases in accordance 
with 2m[1 — (37/4)] and is asymptotic to m as (1 + 7~2), where 
ct/a. More detailed calculations are in progress but await 
the availability of certain tabulated integrals, to which we have 
been referred by Prof. A. Erdelyi. 

If a constant force acts for time 4 on a circular cylinder, we 


find that the work done for small and large values of 7 is given 
by 


T= 


W = end +o ton + O(n] (8a) 
= 2 4Ti 9 Sa 71") a 
mv? hd x is 
ge [1 + 27,7? In (271) + m74 — 2 741n (4 71) + 
0 (7 § In? 71) (8b) 


where v is the final velocity. Hence, if a body is accelerated 
rapidly, the starting efficiency is vanishingly small; while, if it is 
accelerated slowly, the efficiency approaches unity. 


REFERENCES 


1 Lamb, H., Hydrodynamics, pp. 10, 11, 160-167; Dover Press, New York, 
1945. 
2 Lamb, H., loc. cit , pp. 77, 160-180. 
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On the Oscillating Rectangular Airfoil at | 
Supersonic Speeds 


John W. Miles 
Department of Engineering, University of California at Los Angeles 
March 4, 1949 


HE PRESSURE DISTRIBUTION on a quarter infinite, zero thick- 
ness supersonic airfoil, having an arbitrarily prescribed dis- 
tribution of down-wash which exhibits the harmonic time de- 
pendence exp(iwt) can be found by using Fourier transforms to 
formulate the boundary value problem as a Wiener-Hopf type 
- integral equation,’ for which an exact solution may be given. 
The result is valid for a rectangular wing where the Mach lines 
from the leading edge wing tips do not intersect on the wing. 
The expression for the pressure distribution due to an arbitrary 
distribution of down-wash over the wing is rather complicated, 
but the integration of the pressure over a spanwise strip of a rec- 
tangular airfoil effects a considerable simplification. Thus, if 
the down-wash is constant over the span, the lift coefficient for a 
spanwise strip x on a rectangular airfoil of leading edge x = 0, 
trailing edge x = 2, and aspect ratio A.R. is given by 


ZiT OLs (ee ; 
Cp(x, t) = (=) ont yy /t 


fat t)h + ih g(x — E)alé, pact (1) 
0 


g(x) = (2 + it) { [Jo(xx) — (2xA.R.,)~! sin (xx)]exp X 
(—2ix Mx) } 


= 4(M? — 


(2) 


k = (wb/U) (3) 


1 Miles, J. W., Transform and Variational Methods in Supersonic Aero- 
dynamics, Journal of the Aeronautical Sciences, Readers’ Forum, Vol. 16, 
No. 4, pp. 252-253, April, 1949. 
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xk = [kM/(M? — 1)] (4) 

A.R., = (M? — 1)" AR. (5) 
1/2 

ast) = — TU j + it) 2(x, t) (6) 


where U is the free-stream velocity, M is the free-stream Mach 
Number, & is the usual reduced frequency parameter (based on 
the semichord 5), A.R., is the ‘‘effective aspect ratio,’’ and 2 is 
the displacement of the airfoil above its equilibrium position. 
This result differs from the two-dimensional solution only in the 
addition of the sin (xx) term, so that the three-dimensional cor- 
rection of the two-dimensional results? is a relatively simple 
matter. For the limiting case of steady flow (k = 0) and con- 
stant a, Eq. (1) reduces to 


Cp(x) = 4a (M? — 1)~*/? [1 — (2A.R.)~3x] (7) 


in agreement with the well-known Busemann result.’ 

Similar results for down-wash distributions with other span- 
wise weighting factors may be obtained, and it appears that the 
required integrals will generally be elementary, with the excep- 
tion of the integrals of Jo(xx), which have already been evalu- 
ated.2 It is also of interest to remark that, whereas the results 
(1) and (2) are valid only for A.R.e > 2, the various lift and 
moment coefficients obtained by integration are valid for A.R.. 
=> di. 

Numerical computations based on the above results (including 
flutter derivatives and gust response) are being undertaken in the 
Ballistics Division of the U.S. Naval Ordnance Test Station, 
Inyokern, Calif., and will be published, together with details of 
the analysis, in the near future. 


2 For a complete résumé of the two-dimensional results see Karp, J. N., 
Shu, S. S., Weil, H., Biot, M. A., Aerodynamics of the Oscillating Airfoil in 
Compressible Flow, F-TR-1167-ND, HQ, AMC, Wright Field, Dayton, 
Ohio, 1947; also F-TR-1195-ND, 1948. 

8 Busemann, A., Infinitesimale kegelige Uberschallstromung, Jahrbuch der 
Luftfahrtforschung, Vol. 7B, pp. 105-121, 1943. 
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Promotional System Variables for 
Engineering Faculties” 


By HARRY W. CASE 


Associate Professor of Engineering and Psychology, University of California, 
Los Angeles 


Recognizing the pitfalls and sources of 
error in the “scientific method” of em- 
ployee evaluation, many college adminis- 
trators have shown extreme caution in 
applying evaluatory techniques in ap- 
praising their faculties. Expanding stu- 
dent enrollments, with equivalent growth 
of academic, non-academic, and research 
employees in engineering colleges, have 
- however increased the need for adequate 
information on _ existent promotional 
policies in engineering schools. Informa- 
tion compiled in this survey on current 
promotional practices may prove of bene- 
fit to administrators. 

Questionnaires were sent to universi- 
ties, state colleges, colleges, and technical 
institutes, in care of their respective deans 
as indicated by the Directory of the 
American Society for Engineering Educa- 
tion. Replies were received from fifty- 
three universities, twenty-six colleges and 
state colleges, and ten technical institutes, 
all of whom had a curriculum in engineer- 
ing. 

The questions and the percentages of 
replies received are shown in Table 1. 
In each instance the percentages indicate 
the proportion of the total of that type 
institution which replied to the question. 
The percentages indicated for each ques- 
tion do not equal 100 per cent because 
of omissions of various questions by dif- 
ferent schools. Questions 6, 10, 13, and 


* Presented at a meeting of the Educa- 
tional Methods Division at the ASEE An- 
nual Meeting, Seattle, Washington, June 
22, 1950. 


14 are not included in this table because 
the nature of the questions does not lend 
itself to percentage compilation. Tables 
2, 3, and 4 present graphically questions 
6, 13, and 14, respectively. 

Question 10 which read: “If a written 
evaluation system is used, please list the 
qualities evaluated, such as: 


a. Teaching ability 
b. Attitude, ete. 


OR, PREFERABLY, ATTACH A SAMPLE COPY 
OF THE RATING SHEET.”’— 


was not compiled into tabular form since 
no technical institutes and only five of 
the colleges replied listing factors or en- 
closing a sample rating form. Four uni- 
versities sent copies of their formal rat- 
ing sheet, while seven listed qualities used 
in the written evaluation system. In 
schools sending copies of their evaluation 
system, there was little similarity in the 
mechanics of the systems used. They 
ranged in type from a linear continuum, 
with provision made to place a point on 
a line indicating the degree of the qual- 
ity possessed, to a simple alphabetical 
system in which a descriptive phrase of 
the quality was associated with a letter 
ranking. One of the scales used a simple 
numerical system, and still another used 
a straight subjective essay covering each 
of the points on which the individual was 
being evaluated. In terms of complexity 
they varied from a simple rating scale 
with very little explanatory material to 
a complex and detailed scale, accompanied 
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TABLE 2 


6. In recommending promotions, the factors taken into consideration are: (Indicate per- 
centage of total.) 


Universities Colleges and State Colleges Dad 
A.| Bt) Bt C|_ D. | BF |G) AL J) Ke) AL Bay Ce) D2 ee SEG sie en 
a. Teaching ability 25 35 | 30-45] 70 | 70 25 | 50 | 15| 52150 50 | 20 60 
b. Teaching load 5 5 L525 10 
Sub-Total 30 | 50 | 30 | 40 | 30-45] 70 | 70 | 65 | 40 | 75 | 15 | 52 | 60 | 50 | 25 | 60 | 50} 50|}20|70) 60 
ce. Research ability 5 15| 5-5] 5| 5 10} 5| 5] 8/15 10 5 
d. Research load 5 3 5 8 
e. Research publications 7} 15-15 5 5/10} 8 
Sub-Total 10} 15 | 15 | 25 | 20-20] 10 | 10 10} 10] 15) 24/15 5 | 20 10} 5 5 
f. Development ability 1 5 De 25 | 10 10 
g. Development load 1 5 Dy 
h. Development 
publications 3 
Sub-Total L093 155 5|10 5 5 25 | 10 10 
i. Administrative 
ability 5 3] 15- 0} 5 5 5 2 10 
j. Administrative load | 10 1 5 Die 5 
k. Administrative 
publications 1 
Sub-Total 15 al eeoullo=aOileeo 20} 10 10} 4 2015 1-5 15 
1. Committee ability 15 3] 5- 5 S| a 5 
m. Committee load 5 1 5 2 
n. Committee publica- 
tions 1 
Sub-Total 20|10| 73} 5) 5-5 5/10} 5] 4 10 | 10 5 5 
o. Student counseling 
and guidance 
ability 10 2 5110 4 Say 2 15/10 10 
p. Student counseling 
and guidance 
load 1 3 2 
q. Students’ reports on 
counseling and 
guidance 2 3 5 
Sub-Total 10 5 5/10} 5|10 10} 4 20/10} 5 15 |10)15 10 
r. Public service 
ability Ll} s= 5 5 | 10 | 10 
s. Public service load 4 5 2 
Sub-Total 5| 5-5 10 5| 4 10 | 10 10 | 10/10 
t. Writings—texts 5 a3). 8) 1) 5 
u. Writings—research 
publications 4 LOW 2 5 
v. Writings—other 1 v 
Sub-Total 10} 10] 10-10 57} Son 15a) 4 Ls) (Se 20; 10| 5 10 
w. Other 10 | 15) 15 15-15] 10 | 10 20 25 25 15 
Total 11 8 i! 
Percentage of returned questionnaires 21 31 10 


* Junior appointments. @ 


+ Senior appointments. 
Note: Arrows refer to distribution of sub-total. 


by comprehensive instructions, designed enclose an evaluation sheet, included the 
to cover many job qualifications of the following factors: 
individual being evaluated. From the 1 os 
limited sample it would appear that the Jeaching ability 
. Personality 
scales developed for evaluation purposes RS A 5c 
in the universities and colleges have a sur- Uae arcs Coasts aes 
pe ae : 5 : Academic training 
face validity comparing favorably with Experience @ 
those used in private industry. Supervision exercised 
Schools which listed the qualities shown Public service 


on their evaluation forms, but failed to Interest in students in school 


TABLE 3 


13. At what time intervals are the faculty 
members evaluated? 


PERCENTAGE OF RETURNED QUESTIONAIRES 


Colleges . 
Time Intervals | Universities ae tad Sea 

Twice a year 4 
Yearly 36 54 60 
Two years 2 
Three years 4 
Irregular 11 4 
Continuously 4 


Responsibility for methods and policy 

Responsibility for records, reports, 
schedules . 

Responsibility for machinery, equipment, 
and safety 

Responsibility for public relations 

Responsibility for non-academic duties and 
committee work 

Professional activity outside of classroom 

Ability and activity in research 

Acceptance by students and colleagues 

Attitude 

Writings 

Student counseling ability 

Administrative ability 

Professional standards 

Laboratory ability. 


and 


The factors utilized in the evaluation 
systems of different institutions differ 
greatly. However, six institutions listed 
teaching ability, five attitude, four person- 
@': and two research ability. The re- 

aining factors occurred only once in 
each of the listings. 

Table 2 (in which the specific weights 
assigned promotional factors are indi- 
eated for twelve universities, eight col- 
leges, and one technical institute) empha- 
sizes the difference of opinion existing as 
to the importance assigned to various 
tasks in the determination of promotions. 

. It is interesting that the institutions an- 
@rers this question assigned weights 

ranging from 15 to 75% to the general 
area related to teaching in determining 
promotions in the universities, while the 
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range was from 20 to 70% for the col- 
leges and state colleges. Unlike the popu- 
lar conception that research is the sole 
criterion, the weight assigned ranged from 
10 to 25% for the universities and from 
5 to 20% for the colleges. Seventeen in- 
stitutions reported they had no specific 
percentages but considered all the factors 
listed, while others stated that they had 
not determined percentages but consid- 
ered specific items. Of eleven schools 
which answered the question but said 
they used no specific percentage, teaching 
ability was listed eleven times; research 
ability nine; research load eight; student 
counseling and guidance ability seven; 
administrative ability six; committee abil- 
ity five; research publications, writings— 
texts, and writings—research publications 
four each; teaching load, and writings— 
other three each; development ability, 


TABLE 4 


14. What is the usual length of time elaps- 
ing between promotion from one academic 
rank to the next? 


PERCENTAGE OF RETURNED QUESTIONNAIRES 


Intervals | Universities |\seotSGoliowes| Institutes 
1- 5 2 

2- 3 4 

2-5 2 

2-10 2 

3 6 4 

3- 4 2 

3- 5 4 A 10 
3- 6 2 8 

3- 7 2 

3- 8 2 

3-10 4 

4 2 4 

4-5 15 

4- 6 10 
4-10 2 

5 4 

5- 6 10 
5- 7 10 
5- 8 2 

5-10 4 10 
Trregular 30 23 10 
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committee load, and public service abil- 
ity two each; and reports from students 
and other one each. Nine wrote in their 
covering letter that they did not believe 
in any system which considered specific 
factors or assigned weights to specific 
areas, but preferred to judge the indi- 
vidual on the basis of his “merit’’, but un- 
fortunately they did not indicate how 
this was determined. 

Table 3 tabulates the percentages of 
replies received to the question: “At 
what time intervals are faculty members 
evaluated?” While yearly evaluation of 
the faculty member is the most common, 
a surprisingly large number of universi- 
ties (11) and colleges (4) indicated that 
they had no fixed time interval for evalua- 
tion. This may be reflected in one of the 
replies which read-in part: “Practically 
all the promotions that I have seen since 
my stay here have been more or less acci- 
dental and not due to any plan.” 

Question 14, “What is the usual length 
of time elapsing between promotion from 
one academic rank to another?”, is tabu- 
lated in Table 4. The poor wording of 
the question, which did not allow for a 
sliding time period for promotion from 
different ranks, is no doubt partly re- 
sponsible for the fairly wide ranges indi- 
cated by some of the schools furnishing 
data. The explanations that accompanied 
many of the returned questionnaires in- 
dicated that in some instances a three- 
year period was observed for promotions 
from one rank to the next for all academic 
grades, while in other instances the time 
elapsing was greater if the individual 
being promoted was of a higher rank. 
In one case the reverse was true and the 
longest elapsed time was from instructor 
to assistant professor. Almost half of the 
institutions appear to have no formal or 
customary length of elapsed time between 
promotions. 

An examination of the questions tabu- 
lated in Table 1 reveals certain trends. 
With the exception of the technical insti- 
tutes, less than half of the institutions 
replying have a standard promotional pro- 
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cedure, and the chances of an institution’s 
having one for research personnel is less 
than for academic personnel. 

Question 2 seems to show that if the 
university has a standard promotional 
procedure, it is also used in the college 
of engineering for engineering academic 
personnel. Other personnel do not ap- 
pear to fare quite so well. In relatively 
few instances is the college of engineer- 
ing pioneering in the field of promotional 
procedures, for the percentages shown in 
the answers to question 3 indicate that if 
the university does not have a standard 
promotional procedure, the engineering 
college has not attempted to institute one. 

The answers to question 4 show that the 
promotional procedure is administered by 
an administrative officer of the university 
or of the college of engineering, and to 
a much lesser degree by the action of a 
committee, although in a fairly large num- 
ber of cases a committee makes recom- 
mendations which are acted on by an ad- 
ministrative officer. 

When a committee system for promo- 
tion is used, it would appear common 
practice to have the committee formed 
of members selected from engineering and 
other academic departments. Surpris- 
ingly enough 2% indicated that the com- 
mittee was entirely composed of members 
of departments other than engineering. 

Question 7 reveals that while publica- 
tions are the most common type of ac-. 
cepted promotional evidence, written rec- 
ommendations are also heavily favored 
and approximately one-fifth to one-fourt. 
of the schools accept some form of rating 
evaluation. Question 8 indicates that al- 
though the short written statement is used 
in many institutions, the rating continuum 
is acceptable, and in some instances the 
method of absolute ranking is followed. 
In terms of the evaluation system it ap- 
pears that the most common form is the 
type which results in a written statement. 
A series of marked descriptions and 
score for the individual remains in secon 
order of frequency. 

Roughly 26% of the universities re- 


plying to the questionnaire require the 
faculty to utilize an analysis of their 
teaching, either filled out by an adminis- 
trator or by the students. 

Finally, question 15 shows that in the 
majority of instances promotions occur 
within the engineering department in ap- 
proximately the same time sequence as in 
other departments. 

Many helpful replies were received in 
the form of letters that accompanied the 
returned questionnaire. It is unfortunate 
that they must be treated as confidential. 
In general it may be said that the recep- 
tion to the questionnaire ranged all the 
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way from indignation on the part of some 
of the smaller institutions, who appeared 
to be irritated at what they felt was a 
suggestion that they needed a system for 
promotions, to outright request for copies 
of the data as soon as it could be compiled. 
Many institutions were in the process of 
investigating the promotional policy with 
a view toward attempting to correct many 
of the evils which appeared to have ex- 
isted in the past. One thing that stood 
out clearly was that there is relatively 
little current knowledge concerning the 
factors or the systems in use in other 
institutions. 
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Quasi-Stationary Airfoil Theory in 
Compressible Flow 


John W. Miles 
Department of Engineering, University of California at Los Angeles 
April 29, 1949 


U WAS RECENTLY POINTED OUT that the use of steady flow the- 
ory could lead to erroneous results in the calculation of sta- 
bility derivatives, and the correct results for quasi-stationary in- 
compressible flow over a thin airfoil were obtained as limiting 
results of the previously known flutter results.1_ These results 
have now been extended to the case of subsonic, compressible 
flow by obtaining a solution to the Possio integral equation,? 
considering only terms which are first order in frequency. 

The lift and quarter-chord moment coefficients on a thin air- 
foil with leading edge at x = —1 and trailing edge at x = +1lin 
a subsonic flow of velocity U and Mach Number M with down- 
wash distribution w(x) exp (zwt) are given by 


Creat ways fh See arte 
0 


sk(1 — M*)-!sin? ¢ + tk(1 — M*)-1(1 — cos ol + 7 +. 
cos ¢) 


ioe) us ran |be— 82 


0 — M%-*/: ff [(cos gy — cos 2g) — 1k(1 — M*)-1 X 
0 


dp + O(k? log k) (1) 


Cn = 


(eet cos pysin? vl woe dp + O(#Y log k) (2) 
ae 2 
F(M) = M? + toe | — (1 — M9" tog, X 


1+ (1 — M2)” 
aaa on 


k = we/2U (4) 

where & is the reduced frequency, based on the semichord (c/2), 

and y is Euler’s constant. These results reduce to the well- 

known Munk formulas,? together with the Prandtl-Glauert 
factor (1 — M?)—‘/2, for k = 0. 

For the important case of pitching about the quarter chord— 
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1 k ¢ 
5 + 7 + logd 5 =e CN) (6) 


Cma = —(ink/4)(1 — M?)—*/2(2 — M?) (7) 
For plunging of the airfoil—i.e., 
w(x) = kU (8) 
the results are 
Cy = 20ik(1 — M?)-/ (9) 
Cm, = 0 (10) 


In interpreting these results, it may be remarked that nonsta- 
tionary effects need be considered only when the downwash in- 
cludes a term that is zero order in frequency. In this case, how- 
ever, the term introduced is logarithmic and will be increasingly 
important for small k, corresponding to high-speed flight. More- 
over, the compressibility correction of this term is approximately 
(1 — M?)—*/? rather than (1 — M?)—'/*, It follows that the ef- 
fects under consideration will be particularly important at high 
speeds. 

As an example, consider the calculation of the damping of a 
rotary motion of a tail surface about a center five chord lengths 
ahead of its quarter-chord. Carrying out the calculations with 
the aid of the above results and also with the results obtained by 
setting k = 0 in Eqs. (1) and (2) and designating the damping 
derivatives as C,,, and C%,,, respectively, it is found that the latter 
calculation overestimates the damping by a considerable margin. 
Typical numbers are 


Ot 0.01 


0.618 
0.342 


= 0.828 (11) 


0.662 


While these ratios neglect induction effects and wing interference, 
they are indicative of the errors that may be expected when 
steady flow theory is used for the calculation of tail stability 
derivatives. Similar results may be expected for the damping 
in pitch of a swept wing. 
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1 Miles, J. W., Quasi-Stationary Thin Airfoil Theory, Journal of the Aero- 
nautical Sciences, Vol. 16, No. 7, p. 440, July, 1949. 


Wa(x) = Ut1 ety 2) (2x/c)]ik} (5) 2 Possio, C., L’azione Aerodinamica sul Profilo Oscillante in un Fluide 
Eas. (1) and (2) reduce to cue a Velocita Iposonora, L’Aerotechnica, Vol. 18, pp. 441-458, 
: . . 3 Munk, M., General Theory of Thin Wing Sections, N.A.C.A. T.R. No, 
Cla = Qa(1 — M2%)—'/24 (1 + ik) + ik(1 — M2)-1 X 142, 1922. 
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Residual Stress and Fatigue Strength 


Los ANGELES 

The articles by A. L. Boegehold in the Febru- 
ary and March issues and by E. W. P. Smith in the 
April issue of Metal Progress emphasize the 
importance of residual stress in the fatigue 
behavior of heat treated steel parts. They also 
point to the need for more quantitative data so that 
a better prediction of the actual performance can 
be made. Two major difficulties exist when such 
a prediction is attempted. 

1. Along with the residual stress other changes, 
structural or physico-chemical, are generally 
induced in the heat treated parts. 

2. Under service conditions a redistribution of 
the residual stress is possible due to the applied 
load. 


At the University of California at Los Angeles, 
tests have been conducted in which the above two 


Residual Compressive 
Stress 


Maximum Stress on Net Section, [OOO Psi. 


Cycles of Stress 


factors have been controlled and the stresses meas- 
ured locally by means of the X-ray diffraction 
technique. Notched specimens (stress concentra- 
tion of 2.5) made from *%-in. 61S-T6 aluminum 
plate have been tested. Both residual compressive 
and tensile stresses were induced at the notch by 
means of a small amount of overstressing which 
was believed to be insufficient to produce any 
marked cold working. The stresses induced were 
14,000 psi. as measured by the X-ray diffraction 
method, and their magnitude was not significantly 
altered during cycling. 

It may be seen from the accompanying fatigue 
curves that an improvement of almost 100% in 
permissible stress and a fatigue life increased by 
10 times can be realized by changing the residual 
stress from tension to compression. 

D. ROSENTHAL AND GEORGE SINES 


Department of Engineering 
University of California 
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A SEGMENTED ELECTRICAL ELEMENT FOR DETECTING 
VEHICULAR TRAFFIC 


J. H. Maruewson, R. BRENNER, AND R. J. ReEtss, Institute of Transportation 
and Traffic Engineering, University of California, Los Angeles 


SYNOPSIS 


Most vehicle detecting mechanisms or systems in use today have a serious 
limitation in that they cannot accurately determine the transverse location of a 
vehicle. This deficiency is serious inasmuch as many important traffic problems 
cannot be properly studied or satisfactorily solved to the exclusion of data on 
lane traffic patterns and transverse placement. To facilitate the study of such 
problems, the Institute of Transportation and Traffic Engineering of the Uni- 
versity of California initiated a research program to develop a more universally j 
applicable detecting unit. In addition to sensitivity to transverse placement, 
other important design criteria included inexpensive manufacture, inexpensive 
installation and maintenance, portability, rugged construction for field use, re- 
liability of operation, concealment from the driver, and weather resistant quali- 
ties. The detecting unit which was designed is believed to embody the various 
qualities specified. 

The detector is of the so-called metallic contact type in which two metallic 
elements, normally held open by some form of a spacer, are closed by a wheel 
passing over them. In this design, the bottom contact extends throughout the 
entire length of the unit and serves as a common contact for all the circuits. The 
top contact is made up of one-foot metal segments which, together with the com- 
mon bottom contact, constitute the elements for the individual circuits. Lead 
wires are attached to each segment so that, with appropriate jumper connections, 
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any desired segment width can be readily obtained. The entire unit is attached 
to the road surface by means of a quick drying rubber cement and a covering of 
industrial adhesive tape. The tape also serves to protect the unit from abrasive 


tire action. 


In order to evaluate the design a test program was set up wherein the detect- 
ing unit would be subjected to both severe and ordinary driving conditions as 
well as to a series of controlled conditions involving rapid acceleration, decelera- 
tion and skidding. The results of these tests indicate that the design is basically 


sound and also practical. 


An integral part of almost all traffic instru- 
mentation systems is a detecting medium 
which impresses the presence of a vehicle at 
a specific point on the road into the system. 
The system, in turn, utilizes this information 
to determine the particular traffic variable 
being measured, such as speed, volume, den- 
sity or transverse placement. In the past, the 
detecting function has been performed in a 
number of ways which can be conveniently 


grouped in three categories, namely; visual, — 


photographic and vehicle-actuated. 

In visual detecting systems, the position of 
a vehicle relative to a fixed landmark is de- 
termined by an observer watching the road. 
An example would be an observer counting 
the vehicles that went past him. Telescopes 
and various surveying instruments have been 
used as a refinement for sighting the vehicle 
from a distance, but the general principle is 
the same. 

In the photographic method, motion pic- 
tures are taken of a given landmark and show 
each vehicle approaching and reaching the 
landmark. Since the camera is usually oper- 
ated at a constant speed, the time-location of 
the vehicle is given by the particular frame in 
which the vehicle is shown as having reached 
the predetermined position (4). 

The vehicle-actuated system, which has 
been the most widely used method of the 
three, operates on the principle of automati- 
cally giving a signal at the instant a vehicle 
moves across a fixed line on the road. A ve- 
hicle actuated system which does not operate 
on this principle is the Electro-matic Speed 
Meter (1)! which indicates the instantaneous 
speed of a moving vehicle on the basis of the 
change in frequency of a radio wave reflected 
from the moving vehicle. This principle of 
operation is quite different from the other, 
but since there is only the one system based 
upon it, it will not be considered in this paper. 


1Ttalicized figures in parentheses refer to 
the list of references at the end of the paper. 


Probably the most commonly used vehicle- 
or wheel-actuated detecting device, other than 
the permanently installed treadle-type detec- 
tor used in traffic control systems, is the pneu- 
matic detector in which a length of rubber 
tube is placed across the road perpendicular 
to the direction of vehicular travel and is se- 
cured in place by clamps spiked to the road. 
The tire rolling over the tube sets up an air 
pulse which actuates some form of switch or 
counter which is attached to one end of the 
tube (3). 

Another vehicle-actuated detecting system 
utilizes photo-electric tube circuits. Here, a 
light beam is directed across a roadway into 
either a phototube or photoelectric cell. When 
the beam is interrupted by a passing vehicle, 
an electrical circuit is either energized, or de- 
generized (4) (7). In another class of vehicle- 
actuated detecting systems, metallic contacts, 
normally held open, are pressed together as 
the wheels pass over them, thereby closing 
an electrical circuit. These are usually referred 
to as the direct contact type of detectors. 

Each of these three systems has some very 
desirable characteristics. The pneumatic de- 
tector is portable, relatively easy to install, 
inexpensive, and stands up well under field 
conditions. The photoelectric systems subject 
no parts to traffic wear, can be used on all 
types of roads and can be effectively camou- 
flaged so that the driver does not know that 
the road is instrumented. In the metallic con- 
tact detector, the operation is the most posi- 
tive and, at the same time, simple. At the 
present stage of development all of these 
detectors are so limited in application that 
transverse placement cannot be measured, 
although some phototube systems can differ- 
entiate direction. The seriousness of this limi- 
tation will be evident if consideration is given 
to the many important problems in which 
lane trafhe patterns and transverse position 
are significant. 

To overcome the deficiency, the Institute of 
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Transportation and Traffic Engineering of the 
University of California initiated a program 
for the development of an appropriate type of 
vehicle-actuated detector. Design criteria were 
established with the aim that the final design 
would embody, in addition to the transverse 
placement measuring quality, the most desir- 
able characteristics of the other vehicle-actu- 
ated detecting systems to the greatest extent 
feasible. Desired characteristics included: 

. Sensitivity to transverse placement 

. Inexpensive manufacture 

. Inexpensive installation and maintenance 
. Portability 

. No impedance to traffic 
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traffic pick-up element known as a “Trans- 
verse Placement Detector,”’ was made avail- 
able for study. 

This unit had several of the desired charac- 
teristics, including sensitivity to transverse 
placement, rugged construction and direct 
electrical contacts. However, on the basis of 
examination of the sample, it was believed 
that the unit was not sufficiently portable, 
that it would be expensive to manufacture, 
and that it would be readily distinguished by 
a driver. Notwithstanding these apparent 
drawbacks, the design served as an excellent 
guide and materially facilitated the subse- 
quent development program. 


SPACER: Pe 
\ PURE GUM RUBBER + x 


TOP CONTACT: — 
BLUED CLOCK SPRING 
STEEL 4"x .o10"* 11" 

SEGMENTS. LA 


BOTTOM GONTACT: 
BLUED CLOCK SPRING STEEL 
0.5** .O1I5" CONTINUOUS. 


Figure 1. Design Details of the Segmented Traffic Tape 


6. Rugged construction for field use 

7. Reliability of performance 

8. Not readily distinguishable by the driver 

9. Weather resistant 

The most practical approach appeared to 
center around the use of some form of the direct 
contact system since neither the pneumatic 
detector nor the photoelectric system was 
considered to be adaptable to the transverse 
placement measuring requirement. Moreover, 
direct contact systems had been successfully 
used in previous transverse location studies 
(6). Through the cooperation of Mr. O. K. 
Normann, Chief, Section of Traffic Opera- 
tions, U. 8. Bureau of Public Roads and 
Chairman, Committee on Highway Capacity, 
Highway Research Board, a sample of such a 


DESIGN DETAILS 


The design details of the unit which was 
developed are shown in Figure 1. Segments of 


blued clock spring steel 3-in. wide, 0.01-in. 


thick and 11-in. long are laced through a con- 
tinuous spacer of pure gum rubber- din. wide, 
#z-in. thick. The lacing is placed against a 
continuous strip of blued clock spring steel, 
3-in. wide, .015-in. thick. A separate electrical 
lead is attached to each steel segment and one 
lead is attached to the continuous bottom 
segment. The bottom steel strip serves as a 
common contact for all of the circuits, while 
the separate top segments are the other con- 
tacts for the individual circuits. The gum 
rubber serves as the spacer separating the 
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contacts until pressure on the top forces them 
together. 

The lacing, made up of the top contacts 
and the spacer, and the continuous bottom 
contact are bound together by a laminated 
covering made up of three wrappings of indus- 
trial adhesive tape? and six coats of rubber 
cement.? Terminal lugs, which are soldered to 
the steel segments, extend outside the wrap- 
ping thus providing a means for connecting 
the lead wires. The wrapped assembly is re- 
ferred toas the pick-up element, while the wires 
attached to the lugs are referred to as the 
harness. The whole is referred to as the detect- 
ing unit. This unit is secured in place on the 
roadway by a cover of industrial adhesive tape 
which also serves to protect the unit from the 
abrasive wearing action of traffic. To ensure a 
strong bond between the cover tape and the 
roadway, a strip of the latter is brush coated 
with rubber cement immediately preceding 
the placing of the detecting unit. The protec- 
tive cover and harness are considered expend- 
able, but the pick-up element is not. However, 
the cost of fabricating the pick-up element, as 
will be demonstrated later, is so low that pos- 
sibly it too could be considered expendable. 

When installed on the roadway, the com- 
plete detecting unit measures 2 in. in width 
and varies in thickness from .010 in. at the 
edges to a maximum of 3; in. at the center. 
Accordingly, on a concrete pavement, the 
driver cannot easily distinguish it from an 
asphaltic-type expansion joint. 


TEST PROGRAM—FIRST PHASE 


In order to evaluate the design, a test pro- 
gram was devised whereby the detecting ele- 
ment would be subjected to both severe and 
ordinary driving conditions. 

The objective of the first phase of the test 
program was to determine how long an instal- 
lation would operate under traffic conditions 
without any major malfunction. A detecting 
unit 10 ft. long was installed 75 ft. ahead of a 
traffic signal, this location being selected so 
that the unit would be subjected to accelerat- 
ing and decelerating vehicle movements in ad- 
dition to movements at higher speeds at night 
when the signal was not operating. An electro- 


2 Industrial Adhesive Tape: Bauer and Black 
No. 214, 2 in. width. 

3 Rubber Cement: “Stabond C-111’’, The 
Latex Company, Los Angeles, California. 
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mechanical counter was connected to the unit 
to indicate the total number of wheels which 
passed over the detecting unit. No attempt 
was made to evaluate other characteristics of 
the traffic flow at this point. Relative to deter- 
mining if the unit picked up all vehicles pass- 
ing over it, the assumption was made that if 
the unit was operating satisfactorily at a given 
time, it had been operating satisfactorily up to 
that time. Actually this assumption can be 
criticized although repeated observations indi- 
cated that all vehicles were being recorded. 

The unit operated satisfactorily for a con- 
tinuous period of 47 days during which time 
there was a total rainfall of 0.13 in., the maxi- 
mum for one 24 hour period being 0.08 in. A 
total of 555,973 wheels were registered which 
could have represented anywhere from 138,000 
to 276,000 vehicles since there would be four 
wheel counts for some vehicles and two for 
others depending upon the transverse place- 
ment of the vehicle. There were four broken 
lead connections at the lugs, but there were no 
signs of wear or deterioration in the pick-up 
element which was cut open for study at the 
end of the test period. 


TEST PROGRAM—SECOND PHASE 


There were three objectives in the second 
phase of the testing program; namely; 

1. Observation of the performance of the 
complete segmented element and assembly 
under severe driving conditions. 

2. Determination of the effectiveness of the 
unit as a pick-up element when actuated by a 
vehicle traveling at high speeds. 

3. Determination of any possible hazard in 
the event of physical failure of the unit. 

The site selected for these tests was at the 
City of Santa Monica (California) Municipal 
Airport. A non-traffic situation was selected 
because it was desired to conduct the tests 
under controlled conditions which could not 
be achieved on a public thoroughfare without 
hazard to the test drivers, other drivers, or 
pedestrians. 

A ten-segment unit was installed on the test 
course, part of the surface of which was very 
soft asphalt and the remainder bituminous 
concrete. Each segment was electrically con- 
nected to a separate light bulb so that when a. 
wheel passed over the segment the specific 
circuit would be closed and that bulb would 
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light. This, of course, served only to indicate 
that the circuit had been closed. 

The first tests made were high, but constant, 
speed tests in which a test car was driven over 
the detecting unit at a speed of 60 mi. per hr. 
as indicated by the speedometer of the vehicle. 
The initial test run was made immediately 
after the installation was completed, that is, 
without allowing the rubber cement to set. 
Successive passes were made until each seg- 
ment had been actuated at least four times. 
The detecting unit operated satisfactorily on 
every trial, and there were no signs of wear or 
displacement of the tape. 

The second series of tests were conducted 
with the test car being driven over the unit 
under various accelerating and decelerating 
conditions which roughly simulated actual 
driving conditions. Acceleration and decelera- 
tion rates were not measured inasmuch as it 
was believed that these data, although inter- 
esting, would not contribute,enough to the 
performance evaluation of the detecting unit 
to justify the work involved in making such 
measurements. Procedures for the various ac- 
celeration and deceleration tests were specified 
in order to insure that each segment of 
the detecting unit would be subjected to ap- 
proximately the same wear. This was done so 
that in the event of a single failure, the seg- 
ment at which the failure occurred could be 
compared with the other segments for possible 
delineation of desirable as well as undesirable 
characteristics of the design. The conditions of 
the various tests along with the number of 
actuations of each segment under those con- 
ditions are as follows: 


Acceleration from Stop Test (20 actuations of 
each segment)—The test car, at complete 
rest 1 ft. from the detecting unit, is fully ac- 
celerated in first gear. 


Low Acceleration Test (20 actuations of each 
segment)—The test car, in second gear, ap- 
proaches at a speed of 25 mi. per hr. The 
accelerator is fully depressed when the vehicle 
reaches a point 15 ft. in front of the detecting 
unit. 


High Acceleration Test (6 actuations of each 
segment)—The test car, in second gear ap- 
proaches at a speed of 15 mi. per hr. The 
accelerator is fully depressed when the vehicle 
reaches a point 10 ft. in front of the detecting 
unit. 


TRAFFIC AND OPERATIONS 


Deceleration Tests (6 actuations of each seg- 
ment)—The test car approaches the detecting 
unit at a speed of 40 mi. per hr. The brakes 
are firmly applied, but not locked, just as the 
front wheels reach the unit. 

As was the case in the high, but constant, 
speed tests the detecting unit operated satis- 
factorily on every accelerating and decelerat- 
ing trial and there were no signs of wear. 

The third series of tests were designed to 
subject the detecting unit to the grinding ac- 
tion of a wheel slipping on the road surface. 


In these tests, the test car was at rest with the 
rear wheels almost touching the tape. With 
the engine of the car “racing,” the clutch was 
quickly engaged causing the wheels to spin 
while passing over the detecting unit. Each 
segment was actuated four times under these 
conditions. The detecting unit operated satis- 


Figure 2. The Effect of a Grinding Action 
of a Tire on the Protective Covering 


factorily on each trial, but the protective 
adhesive tape covering was torn where it was 
attached to the soft asphalt surface as shown 
in Figure 2, or was pushed back where it was 
attached to the bituminous concrete. There 
was no apparent damage to either the harness 
or the pick-up element. 

The final series of tests in this phase of the 
testing program were the locked-wheel brak- 
ing tests in which the test car approached the 
detecting unit at speeds varying from 30 to 
35 mi. per hr. The brakes of the vehicle were 
locked when it was about 10 ft. in front of the 
unit, all wheels accordingly skidding over the 
detecting unit. In order to eliminate side 
thrust during skidding, the brakes of the test 
car had been carefully adjusted beforehand. 
Each segment was actuated an average of five 
times in this manner, the operation and ap- 
pearance of the unit being carefully observed 
after each trial. After the first skidding trial, 
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abrasions were noted on the adhesive tape 
covering and after repeated skids the covering 
was split along the aft edge. This was the en- 
tire extent of the damage. There were no elec- 
trical malfunctions and the harness and 
pick-up element showed no apparent damage. 
This was verified by high-speed tests which 
were repeated (two actuations of each seg- 
ment) at the conclusion of the skidding tests 
and during which all circuits operated satis- 
factorily. The slide marks at the conclusion of 
the skidding tests are shown in Figure 3. 

At the conclusion of the tests, the pick-up 
element, harness, and almost all of the adhe- 
sive tape covering were still firmly fixed in 
place on both the asphalt and bituminous 
concrete surfaces. Although there were no 
apparent indications that the bond with the 
pavement was breaking down, the possibility 


Figure 3. Slide Marks at the Conclusion of 
the Skidding Tests 


(Arrow indicates direction of travel) 


of its breaking at a later time could not, of 
course, be eliminated entirely. However, in 
the light of the severity of the tests, it ap- 
peared that the bond would be maintained 
under normal traffic conditions almost indefi- 
nitely. This was interpreted as a desirable 
safety factor in that little hazard can be asso- 
ciated with an installation that remains firmly 
secured to the road. 


TEST PROGRAM—THIRD PHASE 


There were four primary objectives in the 
third phase of the test program including: 

1. Observation of the performance of the 
detecting unit under heavy traffic conditions. 

2. Determination of the effect of repeated 
installations of the unit upon its performance. 

3. Observation of the performance of the 
unit under traffic conditions in rainy weather 
(simulated). 
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4. Development of techniques for repair- 
ing the unit without removing it from its in- 
stalled position on the roadway. 

The site selected for these tests was on the 
south side of Sunset Boulevard adjacent to the 
University Nursery School, Los Angeles, Cali- 
fornia. 

Two detecting units were installed on the 
test course, the first being made up of a new 
adhesive covering along with the pick-up ele- 
ment and harness which had been subjected 
to the previously described severe driving 
tests of the second phase of the test program. 
This will be referred to as the “A” unit. The 
other unit was completely new and will be 
referred to as the “B”’ unit. In order to roughly 
quantify the speed characteristics of the ve- 
hicles involved, the units were used as the 
detecting elements for the Vehicle Speed Dis- 
tribution Recorder which was developed by 
the Institute of Transportation and Traffic 
Engineering and reported at the 28th Annual 
Meeting of the Highway Research Board in 
December 1948 (2). 

Fourteen installations of the ‘‘A’”’ unit were 
made, each being maintained for approxi- 
mately three hours either in the morning or 
afternoon. These installations were made at 
one of three adjacent locations so that there 
was no more than one installation on any one 
location within any 24-hr. period. This was 
done to minimize any positive effects of pre- 
vious installations on the adhesive properties 
of the later installations. The “‘B” unit served 
as the control for the ‘‘A”’ unit with respect 
to the effect of repeated installations. Although 
the “B” unit should have been installed only 
once, it actually was removed and reinstalled 
a second time to facilitate the making of sev- 
eral changes in the electrical circuits. However, 
this additional installation was not consid- 
ered to have invalidated its use as this control. 

The tests extended over an 11-day period 
with measurements being taken on 9 days. On 
seven of these days the road was dry. During 
the last 2 days of measurements, rainy con- 
ditions were simulated by directing a stream 
of water from a garden hose on both units. 
The entire area extending approximately 30 
ft. in front of the units was also kept wet with 
the garden hose. 

During the test period, 11,789 vehicles were 
registered and an additional 3000 vehicles 
are estimated as having passed over the de- 
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tecting units while the counting equipment 
was not operating. Therefore, a total of ap- 
proximately 15,000 vehicles passed over the 
two units. 

The mean speed of the vehicles counted was 
34.9 mi. per hr., with the distribution of the 
speeds as shown in Figure 4. Segment counts 
were simultaneously maintained on the ‘‘A” 
unit to establish the effectiveness of the design 
in measuring transverse placement while serv- 
ing also as a detecting element in speed 
measurement. The operation was entirely sat- 


-96. OF- 


SEED ~ KPH 


Figure 4. Percent of Eastbound Vehicles 
vs. Speed—Weekday Forenoon and Afternoon 
Traffic—Third Phase of Test Program 


Dates of Test: August 3rd to 11th, 1949 
Test Site: Sunset Blvd., 250 yards East of 
Westwood Blvd. 

Total Vehicles Represented: 11,789 


isfactory, although quantitative results were 
not obtained since the road was 35 ft. wide 
and only a 10-ft. length of the detecting unit 
was used. 

During the simulated rainy weather tests, 
both units operated satisfactorily for 45 min. 
For approximately one-half of this period both 
units were completely submerged. Short cir- 
cuits between different segments and the 
ground lead began to occur intermittently 
during the next hour, but persisted only for a 
few minutes. After 2 hr. of wetting all seg- 
ments were shorted. 
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The units were left on the site for 16 hr. 
(overnight) during which time no water was 
applied. All segments except one were again 
operating satisfactorily the next morning al- 
though short circuit resistances ranging from 
10,000 to 500,000 ohms existed. The units were 
subjected to an additional 5 hr. of wetting 
during which the operation became progres- 
sively worse. At the end of this period, four 
of the ten segments of unit “A” were still 
operating satisfactorily. Unit “B’’ was inop- 
erative. Both units were still firmly attached 
to the road which demonstrated the adequacy 
of the bond (Figure 5). Since no attempt was 
made to control the amount of water, setting 
up analogies as to rates of rainfall to which 
the units had been subjected was impossible. 


Figure 5. Taking Up a Detecting Unit After 
the Simulated Rainy Weather Tests 


At the conclusion of the tests, the pick-up 
elements of both units were split open for 
examination. A very small amount of rust was 
found inside each. This indicated that the 
elements could have continued to “recover,” 
that is, dry out and continue to operate sat- 
isfactorily. The fact that there was no appre- 
ciable difference in the amount of rust in the 
two elements was believed to be significant. 
Assuming that the amount of rust present at 
a specific point in the pick-up element is an 
indication of the amount of moisture which 
was present at that point, it follows that the 
amount of moisture which seeped into the 
pick-up elements was approximately the same 
in both units. The “A” unit, however, had 
been installed and re-installed 15 times as 
compared to two for the “B”. The “A” unit 
had also been subjected to the severe grinding 


MATHEWSON, BRENNER AND REISS—TRAFFIC DETECTOR 


and skidding tests while unit “B” was new. 
It can be inferred, therefore, that the severe 
grinding and skidding tests, as well as the 
repeated installations of the “A” unit, appar- 
ently did not affect the moisture resistant 
properties of this pick-up element. It is as- 
sumed that the “A” and ‘‘B” pick-up elements 
were identical when new, which was the case 
as nearly as could be determined. If the mois- 
- ture resistant properties can be extrapolated 
to be an indication of wear, then the grinding, 
skidding, and repeated installations did not 
noticeably affect the wearing properties of 
the element. 

During the entire test period there were a 
total of three breaks among the eleven leads 
which made up the harness of the ‘‘A”’ unit. 
Each of these breaks was repaired without 
taking the unit up by a technique in which the 
protective adhesive cover was cut open at the 
location of the break. After the break was 
spliced, the cover was flattened back over the 
pick-up element and harness assembly, and 
a patch of new tape placed over the old tape 
at that point. The maximum time required 
for a complete repair was ten minutes. 


DISCUSSION OF THE DESIGN 


The following interesting design features 
are worthy of note. First, the unit is com- 
pletely portable weighing approximately 0.1 
lb. per lin. ft. of pick-up element and harness 
for a 40-segment unit. The adhesive tape 
covering is supplied in compact 60-yd. rolls. 
The pick-up element and harness assembly 
can be easily coiled without harmful effects. 
The coil shown in Figure 6 is 40 ft. long and 
is segmented at 1-ft. intervals. 

Another very desirable characteristic of the 
design is the general nature of the transverse 
placement problems which can be readily in- 
strumented. The lugs are spaced at 1-ft. inter- 
vals and by connecting any number of lugs 
together in any desired arrangement a wide 
range of placement problems can be efficiently 
attacked. For example, suppose total counts 
in each of two adjacent 10-ft. lanes were de- 
sired, the five center segments in each lane 
would be jumpered together which would leave 
an inactive length of 2.5 ft. on each side of the 
active portion of the detecting unit. The two 
adjacent inactive sections together would be 
5 ft. long and would minimize the double 
counting of lane straddling vehicles. In the 


381 


event that counts of the number of lane 
“straddlers” were desired, the appropriate 
connection could also be made. The detecting 
unit can be made sensitive to transverse place- 
ment from 1-ft. intervals up to full lane widths 
over a multi-lane highway merely by connect- 
ing the appropriate harness to the same 
pick-up element. Actually, one harness can be 
used for the same variety of applications by 
making the necessary jumper connections at 
the instrument end. However, it is desirable to 
have a minimum number of wires stretched 
across the road even though they are relatively 
well protected by the adhesive tape covering. 

The water resistant properties of the unit 
tested were not up to the standard desired, 
although there were indications that under 


Figure 6. 
Element and Harness Segmented at One Foot 
Intervals and a Sixty Yard Roll of the Protec- 
tive Adhesive Tape Covering 


Forty Foot Length of Pick-up 


actual weather conditions the performance 
might be better. The covering of the pick-up 
element which was tested was laminated of 
adhesive tape and rubber cement. Since the 
time of that test, a dipped rubber cover over 
the pick-up element in place of the laminated 
wrapping has been developed. A specimen 
pick-up element of this type was soaked in a 
barrel of water for two weeks at the end of 
which high resistance short circuits, 15,000 
ohms minimum, had developed. These were 
not considered excessive since the element was 
still completely operative. It is believed that 
the weather resistant properties will be bet- 
tered. 

An important consideration in the design 
of any instrumentation is the cost involved in 


Figure 7. Installation Procedure: Applying 
Rubber Cement to Roadway Immediately Pre- 
ceding the Placing of the Detecting Unit 


Figure 8. Installation Procedure: Locating 
the Detecting Unit for Speed Measurements 


Figure 9. Installation Procedure: Applying 
the Protective Adhesive Tape Covering Over 
the Detecting Unit 
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both manufacture and use. Designs can be di- 
rected toward precision and top quality mate- 
rials in order to lengthen the effective life or 
they can be directed toward low cost and com- 
plete expendability. The design under discus- 
sion was developed with the latter objective 
in mind, namely toward inexpensive manufac- 
ture and expendability. However, as demon- 
strated in the testing program, the inexpensive 
materials used were entirely satisfactory so 
that in all probability very little would have 
been gained by using more costly materials. 
The following breakdown is an estimate of 
the unit cost of a 1-ft. length including labor 
and material: 


Detecting Unit 


Pick-up element... ..29¢.!. ae $.52 
Harness ....i¢i/ien dk eee .04 
Protective:Cover:..\....44 0 eee 02 
Installation..2:. ... 2 eee 02 
$.60 


The above estimates are believed to be con- 
servative inasmuch as the design lends itself 
to mass production techniques, while the cost 
picture set forth is based on the manufacture 
of a single 40-ft. length. 

One of the factors in the design of a detect- 
ing unit with which the traffic engineer is con- 
cerned is the time required to complete an 
installation under traffic conditions. The time 
must be a minimum, not only to minimize 
traffic delay but, of even greater importance, 
to minimize the exposure to danger of person- 
nel making the installation. Repeated meas- 
urements indicated that a 35-ft. unit could 
be installed by one man in 7 min. and that 
traffic could move over the unit immediately 
after the installation was completed. It is 
believed that this time compares favorably 
with the time required for installing any de- 
tecting unit which is attached to the road. 
Installation procedures are shown in Figures 
C89: 


CONCLUSIONS 


This new type of segmented element is an 
effective, practical device for detecting ve- 
hicular traffic. It is entirely portable, positive 
in action and can be inexpensively manufac- 
tured. It is particularly well adapted to a wide 
variety of transverse placement studies in ad- 
dition to usual speed, volume and other traffic 
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studies which require comprehensive data on 
vehicular movements. It is not necessarily 
the solution for all vehicle detecting problems 
since there are situations where such a unit 
should not be used. For example, there would 
certainly be little point in using such a unit to 
perform functions which could just as easily 
be performed by a pneumatic tape. On the 
other hand, the unit could hardly be consid- 
ered as more than a temporary substitute for 
any permanent installation, although the basic 
principle of operation could be used for the 
design of a permanent installation. Each of 
the various detecting systems has specific 
uses for which it is best suited and it is the 
responsibility of the traffic engineer to select 
the system most appropriate for the particular 
measurement involved. 
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SERVO THEORY APPLIED TO FREQUENCY STABILIZATION WITH 
SPECTRAL LINES! 


BY 
W. D. HERSHBERGER? AND L. E. NORTON? 


In an earlier paper (1)4 the writers described work in which stabiliza- 
tion of frequency was accomplished using the absorption lines of am- 
monia which occur in the 24,000 megacycle frequency region. The 
advantages which arise from the use of such lines, namely, high inherent 
Q of 100,000 or more, and high long term stability which results from the 
use of a natural and universal standard of frequency were discussed in 
some detail. A long term stability of better than 1 part in 10° was 
reported in the paper, but no upper limit could then be placed on this 
stability due to inadequacy of monitoring equipment. Applications to 
television relay work, to radar beacons, and to frequency multiplier 
chains to control a clock were also outlined. Obviously much work, 
developmental in character, based on the servo-search principle em- 
ployed in the work reported remains to be done. The purpose of the 
present paper is to discuss the applicable servo theory, to describe some 
of the circuits in fuller detail, and to report the present status of the work. 

In essence, in this method a cyclic comparison is made between two 
frequencies: one the fixed frequency of a gas-absorption line, and the 
second a frequency to be stabilized or related to that to be stabilized in 
the simplest case by the relationship 


f tea Ss (1) 


nN 


where 7 is a whole number and is the order of a harmonic, while f; is an 
off-set frequency. Conventional methods of frequency multiplication 
and addition may be used to make accessible for stabilization any one of 
a wide range of frequencies, by choice of ” and f;, both of which are at 
the disposal of the circuit designer. These techniques are of course old, 
hence need not be described. The comparison is made by means of a 
sweeping technique. A pulse is generated each time the frequency of a 
swept oscillator passes through the frequency of the gas line and also 

1 Much of the material in the present paper was presented before a conference sponsored 
jointly by the AIEE, the Institute of Radio Engineers, and the National Bureau of Standards, 
in Washington, D. C. on January 10, 1949. An abstract was printed in Electrical Engineering, 
Vol. 68, pp. 251-252, March, 1949. 

2 Professor of Engineering, University of California, Los Angeles, Calif. 


3 RCA Laboratories, Princeton, N. J. 
4 The boldface numbers in parentheses refer to the references appended to this paper. 
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each time one passes through a frequency defined by Eq. 1. The two 
wave forms carrying this frequency information are fed to a detector 
whose output is zero when the two sets of pulses or wave forms are in 
time coincidence but the sign of the output of the detector is such as to 
correct for frequency drift of the oscillator to be stabilized when the 
servo loop is closed by a connection to an element which controls fre- 
quency, as for example the reflector of a klystron tube or the grid of a 
reactance tube. 

The discriminator itself may take a variety of forms. Figure 1 


GAS AMPLIFIER 
AND 
CELL PULSE SHAPER! 
LF SAW-TOOTH 
1 AMPLIFIER GENERATOR 


Fic. 1. Frequency discriminator using pulse coincidence. 


shows a form in which one starts with two sets of similiar pulses. The 
pulses from the gas cell after amplification are differentiated, clipped, 
and shaped and both positive and negative pulses coincident in time 
appear in the output of a final stage. These pulses convey or carry 
precise frequency information. Pulses from the i.f. amplifier channel of 
reference (1) are converted to a saw tooth wave. This saw tooth wave 
and the positive and negative pulses are fed to a pair of diodes whose 
output is the desired control voltage. A discriminator sensitivity of 
200 volts per megacycle is readily realized with the above arrangement. 
Pulse coincidence detectors are also described in a number of U. S. 
Patents (2). The operating point of the discriminator is the mid-point 
of the steepest part on the saw tooth wave. 
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Figure 2 shows the essential features of the servo loop used in an 
analysis of the method of frequency stabilization. 

The critical element is the error detector or frequency discriminator E. 
The output of the discriminator is proportional to an error frequency, 
which is the difference (fF, — F.) between a reference or set-point 
frequency F, and the oscillator frequency F.. In the discriminator, two 
distinct functions are performed. In the first place, the reference fre- 
quency is established, namely, that frequency for which the discrim- 


OSCILLATOR 


Fic. 2. Servo-loop used in analysis of frequency stabilizer. 


inator output changes sign. The long term stability of the oscillator 
depends upon how well and with what degree of permanence the dis- 
criminator performs this first function. In the second place, the 
discriminator is characterized by a sensitivity—volts per megacycle— 
which among other factors determines loop gain yw. The ability of a 
stabilizer to protect output frequency against transient or short term 
disturbances depends upon loop gain. For the circuit of Fig. 2, the loop 
gain is given by 

ashieat ra CR 2) 

jw 


where K is a dimensionless constant and is the product of discriminator 
sensitivity, oscillator frequency sensitivity per control volt, and the 
amplifier gain. The manner in which yp varies with frequency is de- 
termined by a capacity C and resistance R used to limit gain at high 
frequencies. A servo pass characteristic of the type shown in Fig. 1 of 
course meets the Nyquist criterion for stability. 


: 1 ac 
Two functions of u, namely, pau and i playg aacriticalspart 
, pe 


pple oe 
eies Lh 
in a description of the performance of the stabilizing system. If Af, 
represents a frequency change experienced by an unstabilized oscillator 
or oscillator followed by a multiplier due to an impressed disturbance 
such as a change in supply voltage, or to changes in temperature, the 
actual change which results with the feed back loop closed is 


Af! =p Afe = Alo (3) 


where SS is the stabilization factor. 
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The factor rai is used to calculate how well changes in the “‘set 
bo 


point”? or reference frequency Af, are reproduced in the output fre- 
quency. The set point frequency is varied in resonant cavity methods 
by varying the resonant frequency of the cavity itself, or in the present 
method by varying the pass frequency of an intermediate frequency 
amplifier, or the gas frequency by use of a Stark field. For an im- 
pressed change in reference frequency Af, the resulting change in 
oscillator frequency is 


Feige 
Afe = 7 Sey (4) 


is a measure of the performance of the stabilizer 


: 1 
Thus the function is 
as a regulator assuming a fixed reference frequency, while the function 


i 7m is a measure of its performance as a ‘“‘follow-up’”’ system to 
be 
changes introduced in the reference frequency. 
Substituting Eq. 2 in (4) we obtain 
K 1 1 
he ae RS) Bae see ee Pp Re EE ae 
“al fhe Tieee Af, = CR Bhs (5) 


1+ joe T° aac 


Equation 5 shows that the speed of response of output frequency to 
changes in the reference frequency is determined by the time constant 
CR divided by loop gain rather than by the CR product itself. In 
general, the speed with which frequency is corrected is set by the effec- 
tive time constant of the filter used with the discriminator and by the 
sampling rate. In the present system, the sampling rate is the limiting 
factor. 

Here we encounter an interesting application of the uncertainty 
principle. The rate at which it is possible to elicit precise frequency 
information from a spectral line is limited by its band width. Thus in 
the present system, line width sets an upper limit to the interrogation 
rate, while in Pound’s (3) cavity method the band-width of the cavity 
sets an upper limit to the frequency of the side bands which accompany 
an intermediate frequency to convey the error information. If we wish 
to increase interrogation rate and obtain information at a more rapid 
rate we may do so by increasing the gas pressure thereby increasing the 
line width, but as a result the mid-frequency of the line is now poorly 
defined. On the contrary, if we could increase Q so line width is say 
10 cycles per second, the optimum interrogation rate is of the order of 
10 per second, but the information obtained on line mid-frequency 
is exceedingly precise. Thus we cannot at once have both a high 
interrogation rate and highly precise information on the mid-frequency 
of a line. 
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It is sometimes desirable to modulate a stabilized oscillator. A 
method of wide band modulation may be based on simultaneous ‘“‘set- 
point” and oscillator modulation. If we add Eqs. 3 and 4 we obtain a 
net frequency modulation Afn. 


1 
desta eae 


Af, makes the dominant contribution to Af, at high modulating fre- 
quencies above the range for which the stabilizer acts degeneratively on 
frequency modulation impressed directly on the oscillator, while Af; 
is the dominating term at frequencies low enough for faithful reproduc- 
tion in the output frequency of changes introduced in the set-point 


Afn = 


(6) 


frequency. 
If we now impose the restriction 
Af, = Af. (7) 
Eq. 5 becomes 
1a Fe = Ave a Ate (8) 


The restriction in Eq. 7 may be satisfied by way of example in the pres- 
ent instance by introducing a change in some voltage which varies 
oscillator frequency such that in an unstablized oscillator the frequency 
change would be Af,, and simultaneously introducing an equal change in 
“set-point”? frequency Af, by varying the tuning of the intermediate 
frequency amplifier by use of an appropriate reactance tube, or by use of 
a Stark shift in line position. Under these circumstances, no change in 
error frequency arises and hence no correction voltage, yet we have 
shifted frequency by the amount Af, to effect frequency modulation. 

The performance of the present stabilizer, both short term and long 
term, may now be analyzed in terms of criteria used in discussing the 
behavior of servo-mechanisms. In the present equipment, K, the loop 


gain at frequencies such that w<—., is somewhat greater than 10”. 


CR 
The discriminator sensitivity itself is of the order of 200 volts per mega- 
cycle, which incidentally is approximately 1000 times as great as that of 
microwave discriminators which employ some form of microwave 
bridge (3), energized by power from a microwave oscillator, and using 
opposed crystal detectors. In contrast, the present discriminator 
employs a moderate amount of amplification at intermediate and audio 
frequencies before the frequency comparison is made. With K equal to 
10°, a disturbance which would give rise to a 10 megacycle shift in an 
unstabilized oscillator is reduced by feed-back to less than 100 cycles. 
Short term stability of a stabilized oscillator may be kept high by two 
means: first, the use of adequate shielding, electrical, thermal, and other, 
to reduce to a minimum any disturbances which tend to cause a fre- 
quency shift and, second, the use of high gain in the feed-back loop. 
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Short term stability of 1 part in 10% or better has been reported for a 
number of stabilizing systems presently in use. The: difference in 
performance between a stabilizer using a spectral line and one using a 
resonant cavity resides not in a significant improvement in short term 
stability as much as in realizable improvements in long term stability. 

The long term stability of a stabilized oscillator depends on a number 
of factors which merit discussion. Of primary importance is the use of 
a standard which is reproducible, may be set up without referring to 
any other standard, is not subject to human “‘tinkering,’’ and whose 
frequency is not affected by aging, and mechanical mishaps or deforma- 
tion to which resonant cavities and quartz crystals are subject. How- 
ever, the full advantages available by the use of a spectral line as a 
frequency standard may be lost in part in an ineffective discriminator. 
Discriminators whose ‘‘zero”’ is determined in a microwave bridge, itself 
frequency selective, or which employ opposing ‘‘matched” crystals are 
rather vulnerable on this score. In the present discriminator, the zero 
is set when we have time coincidence between two wave forms. Such 
coincidence owes its significance to the fact that the same spectrum 
analyzer—whose essential part is a swept microwave frequency—is used 
to compare two spectra, one characteristic of the gas line itself, and the 
second of the frequency being stabilized, or a frequency derived from 
the stabilized frequency by multiplication and addition. As a result 
the characteristics of the spectrum analyzer—power output, sweep 
width, and sweep rate—play a minor role in determining the zero of the 
discriminator. : 

Ultimate performance now depends on the ability of a coincidence or 
phase detector, together with the closed feed-back loop, to hold two wave 
forms in coincidence. When a narrow range sweep is used, as well as 
the same band width in the intermediate frequency amplifier as in the 
gas line, the two wave forms begin to resemble sine waves, and after 
filtering are sine waves in fact. The phase detector now in use is cer- 


tainly able to distinguish phase differences which correspond to a the 


width of a resonance curve which when taken in conjunction with line 
Q of 10°, means that at present a long term stability of 1 part in 107 is 
realized. It should of course be pointed out that if m independent 
tuned L-C circuits determine the response of the intermediate frequency 
amplifier, the output voltage as a function of frequency is given by an 


expression of the form 
( 1 i 
V1 +72) ’ 


where y is zero at resonance and is a measure of the frequency deviation 
from resonance. If the resonance curve is of the Lorentz type the cor- 
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responding expression is 


laude 
ee 


while if line shape is determined in part by collisions and in part by 
Doppler effect we have a line shape intermediate in form between one 


Fic. 3. Photograph of servo-stabilizer. 


’ 


that is purely ‘‘Gaussian” and one that is ‘‘Lorentzian.’’ These con- 
siderations serve to emphasize the advantages that arise in operating 
the system so “‘coincidence”’ is made to depend on the maxima of the 
response curves. 
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If at any point in a servo system for controlling frequency, such as in 
setting up a bridge balance, or determining a time coincidence, we are 
able to make an adjustment which shifts the zero of the discriminator, 
we have found a vulnerable point in the system such that inadvertent 
changes in this adjustment or noise at this point will adversely affect the 

by 
Wore 
Eq. 4 approaches unity over a wide frequency range, the more faithfully 
these disturbances appear in the output frequency. High loop gain 
is not an unmixed blessing as an examination of Eq. 5 will show since 
with increasing gain the discriminator becomes more and more sensitive 
to noise over an increasing band width. 

A stabilizer is shown in the photograph of Fig. 3. At present a 
30-ft. section of wave guide is employed as a gas cell and the pressure 
used is approximately 2 * 10°? mm. of mercury. The stabilizer has 
been in use at K band with a variety of ammonia lines using either 
2K33 or 2K50 tubes while 2K46 tubes have been stabilized at 7100 
megacycles using a tripler and off-setting its third harmonic 15 mega- 
cycles from the (5, 3) ammonia line at 21,285.30 megacycles. Conclu- 
sive experiments or long term stability of course will require long term 
experiments while a variety of short term stability experiments are now 
possible with the equipments in use. 

The question of long term stability of spectral lines is of more than 
academic interest. In the present state of the art, one need not dif- 
ferentiate between ‘‘dynamical”’ time (4) kept by aggregations of matter 
such as a pendulum, quartz crystals, or planetary systems and “‘kine- 
matic’”’ time kept by radiating molecules and atoms. However it is not 
unlikely that data from molecular clocks will play an important role in 
testing current hypotheses on the origin of the red shift of astronomy. 


frequency stability. Moreover, the more nearly the factor . of 
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HE WELL-KNOWN DUALITY between the responses of a linear 

system to harmonic and step function excitations and the 
associated duality between the Fourier and Duhamel methods of 
superposition, respectively, can be used to establish some rather 
useful theorems relative to the transient loading of a thin air- 
foil. Let fo, 1, denote (operationally) the responses to the nor- 
mal (at the airfoil) velocity distributions wo, 1, 2 in accordance with 


Wo (x, y) = a(x, y) — fo {a(x, y)} (1) 
wi(x, y) = a(x, y) exp (zkt) — filk, a(x, y)} exp (tkt) (2) 
w(x. y) = a(x, y)1[¢ — to(x, y)] > falt, to(x, y), a(x, y)}1(t) (3) 


where ¢ is a dimensionless time obtained by multiplying the true 
time by the quotient of a characteristic velocity and a charac- 
teristic length, & is a dimensionless frequency obtained by dividing 
the true (angular) frequency by this same quotient, (x, y) are 
coordinates in the plane of the airfoil, and fo is the time at which 
the normal velocity arises at (x, y). We assume fy to be positive, 
definite and bounded. Then, it follows directly from the afore- 
mentioned duality that 


lim falt, to, a} = fil0, a} = fola} (4) 
t—> 
frlO, to, a} = Ae filk, exp (—ikto) a} (5) 


In connection with Eq. (5), we remark that linearized theory 
is not reliable for large k, since terms of order (k M65)? are neg- 
lected, 6 being the airfoil thickness parameter.! 


(ik) fir {k, exp (—ikto)a} (6a) 


0 


co fe) 
[iy tilts a} = fla] dt = ae tk, “il 


leg folt, to, a} dt = lim 
0 k— 


— fo \toa} 


(6b) 


The integral in Eq. (6a) exists only if fola} = 0; otherwise, 
Eq. (6b) is to be used. In connection with Eq. (6), we remark 
that the time required to attain the steady state after a suddenly 
imposed disturbance is M(M — 1)~! for a supersonic airfoil if 
the maximum chord is taken as the characteristic length. 

Eq. (5) may be used to establish the initial lift coefficient (re- 
ferred to the product of dynamic pressure and wing area) of an 
airfoil under transient loading as 


(Cr 25 =z (4/M) (Cae (7) 


where M is the free-stream Mach Number, and a is the average 
value of a over that portion of the airfoil for which 4 = 0. This 
is a generalization of a result obtained by Heaslet and Lomax? and 
is valid at both subsonic and supersonic speeds. Also, the initial 
lift acts through the centroid of the initial distribution of a. 

A result that is useful in connection with Eq. (6) is® 
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dilk, a} = dola} +ikM2(M? — 1)-! x 
lpolxa} — xpola}] + O(k?) (8) 


where ¢ is the velocity potential for an airfoil whose trailing edge 
is everywhere supersonic. 

If the results of Eqs. (6) and (8) are applied to the penetration 
of a uniform, sharp-edged gust by a supersonic, rectangular air- 
foil of effective aspect A, we find 


a, =[1-2( M (4=*\Ic 
aE PAW are sWANy) ca iA ipeu (9) 


Cr, = 4(M? — 1)-’/? (1 — (2A)72] (10) 

Ga, = ( M J 642 —64 +1 | 
ea\ if 251) | 0(Me aye (11) 
A = (M?—-1)A.R.>1 (12) 


where Bs and Can are the average (incremental) lift and mo- 
ment (with respect to the final center of pressure) coefficients over 
the transient period, C;, is the final lift coefficient (increment), 
and the chord is chosen as the characteristic length. Similarly, 
for a delta airfoil of apex angle 2y entering a sharp-edged gust 


we find 
ae _ | 2M? + 1) — 2i/fo) 
Cy, = 1 | 3M(M + 1) }} ss 


(13) 
Cr, = 4(M? — 1)~ "fy (14) 
a. OM + Df = 2h: 
M: ~ 9M(M + 1) (M? — 1)’ (15) 
fo = wa/2E"(c), o <1 (16a) 
=1, o21 (16b) 
fi = (84/4) o(1 — o?)[(1 — 207) E’(c) + o?K'(o)]™, 
a <= ie (17a) 
=1, ¢21 (17b) 
o = (M* — 1)'/* tan y (18) 


where K’(c) and E’(a) are complementary, complete, elliptic 
integrals of the first and second kinds, respectively. 

Similar results may be established concerning the response of 
an airfoil to an impulsive (delta function) gust, since this re- 
sponse may be represented as the time derivative of the response 
to a uniform, sharp-edged gust. 

All of the foregoing results are, of course, subject to the usual 
restrictions imposed in the linearization of the hydrodynamical 
equations.! 
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SOME STATISTICAL CONSIDERATIONS OF THE 
JET ALIGNMENT OF ROCKET-POWERED 
VEHICLES 


By A. L. Stanly 


Assistant Professor of Engineering, University of California, Los Angeles, 
Calif., and Research Physicist, Hughes Aircraft Company 


ET misalignment can be defined as the perpendicular distance from 
the line of thrust of the rocket motor to the center of gravity of the 
vehicle. 

Jet misalignment is of interest because the thrust of the rocket motor, 
acting over the misalignment distance as a lever arm, sets up a pitching (or 
yawing) moment about the center of gravity which tends to swing the ve- 
hicle off its prescribed trajectory. Since the thrust of a given rocket motor 
is established by the application in which it is to be used, the magnitude of 


MISSILE C.G. 
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FIG. | LATERAL AND ANGULAR MISALIGNMENT OF ROCKET-POWERED VEHICLE 
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this undesirable pitching moment is determined in practice solely by the 
magnitude of the misalignment. This misalignment is dependent mainly 
upon the precision of positioning of the thrust vector and is thus a function 
of the thermodynamic process producing thrust and the statistical rela- 


tionships involved in establishing a position by the assembly of numerous 


nonexact parts. 


Presented before the Southern California Section of the American Rocket Socipty 
on June 28, 1950. 
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Basic Principles of Jet Misalignment 


Types of Misalignment: 'Two types of misalignment are common. ‘This 
is shown in Fig. 1 by the thrust vector which exemplifies the following two 
components of misalignment: (1) Lateral misalignment, when the thrust 
vector remains parallel to the center line of the vehicle, but is displaced 
laterally; and (2) angular misalignment, when the thrust vector is at an 
angle to the center line of the missile. In general, both types of misalign- 
ment will be present. 

Location of Thrust Vector, Ideal Rocket: Before the variables which affect 
the position of the thrust vector can be explored, it is necessary to under- 
stand the mechanism of the rocket that produces the thrust vector. These 
principles are already well known. However, a brief review of the broad 
aspects will insure common agreement of the terminology, assumptions, 
and limitations of the remainder of this paper. 

Postulate an ideal rocket motor as in Fig. 2 consisting of a combustion 
chamber and a nozzle. The combustion chamber contains an infinite res- 
ervoir of gas at a constant pressure P, and zero velocity. 

For the purposes at hand it is sufficient to note that the thermody- 
namics of the system result in the gas leaving the rocket system via the 
nozzle at a lower pressure P, and a finite exit velocity V,. The analysis 
will be simplified if it is also postulated that across any cross section of the 
nozzle, the gas is at uniform pressure, density, and speed. In general, the 
ambient atmospheric pressure P,,, will differ from P,, the nozzle exit pressure 
and, for the sake of simplicity, can be postulated as bearing over the outer 
face of the nozzle exit section. Two distinct components of thrust can be 
recognized intuitively from this oversimplified idealization: (1) Thrust 
due to the change in momentum of the gas; and (2) thrust attributable to 
the difference in pressure over the exit face of the nozzle. 

This intuitive approach yields the familiar equation, 


T = YY. + (P, — P)Aben ets (1) 

where 

T = thrust, lb 

V. = exit velocity, fps 

W = weight rate of propellant, lb per sec 

A. = nozzle exit area, sq in. 

P, = nozzle exit pressure, psia 

P, = atmospheric pressure, psia 


From the foregoing ap- 


proach it can be seen that ards 
the thrust due to the change Nes ae 
in momentum, whichisnor- ‘* aaa 
mally by far the major pro- anissae 


———ee a 


3S 


portion of the total thrust, 
will be in exactly the oppo- FIG. 2 IDEAL ROCKET MOTOR 
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site direction to the mean velocity of the exit gases—i.e., perpendicular to 
the plane of the nozzle exit’section. Since uniform density and speed across 
the nozzle have been postulated, the center of thrust will be at the geo- 
metric center of the nozzle exit area—i.e., along what can be defined as the 
perpendicular center line of the nozzle exit section. With uniform pressure 
across the nozzle exit area, the thrust resulting from the pressure differential 
at exit will also act along the perpendicular center line of the nozzle exit area. 

Accordingly, for this ideal rocket, the location and direction of center of 
thrust are determined by the location and direction of the nozzle exit sec- 
tion, and by nothing else. The tolerances of the misalignment of thrust 
are therefore a direct function, for the ideal rocket, of the mechanical mis- 
alignments resulting from the manufacturing tolerances of those parts 
which locate the nozzle exit face. 

Location of Thrust Vector, Real Rocket: Of the many ways in which a 
real rocket differs from this ideal rocket only those that influence the orien- 
tation of the thrust vector are relevant to this paper. Two types of vari- 
ables merit consideration. 

The first group of variables are those (other than the exhaust gas) which 
produce a net nonaxial thrust on the combustion chamber. These variables 
consist largely of the momentum and pressure-differential thrust of any 
entering propellants, and the momentum thrust of the nonaxial motion of 
the burning propellants within the combustion chamber. The misalign- 
ment moments from these variables are normally negligible because: 
(1) The magnitude of thrusts involved are very small relative to the ex- 
haust jet thrust; and (2) the position of the injection nozzles, if any, and the 
direction of burning gases are normally designed to be symmetrical with 
respect to the design axial center line of the nozzle. 

The second group of variables are those resulting in gaseous misalign- 
ment which, for the purpose at hand, can be defined as consisting of non- 
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uniform pressure, density, or speed of the exhaust gas at the exit section of 
the nozzle, and therefore a thrust vector which does not coincide with the 
perpendicular center line of the nozzle exit section. These variables are 
composed of: (1) Mechanical misalignment (nonaxial assembly) of the 
mechanical parts of the rocket motor; and (2) nonsymmetry of either 
the distribution of gases leaving the combustion chamber or of the me- 
chanical parts of the rocket motor by such eccentricities as bulges and 
dents. , 

The first of these items, mechanical (nonaxial) misalignments, directly 
result in gaseous misalignments, as shown in Fig. 3. The relationship be- 
tween these mechanical and gaseous misalignments depends upon the type 
of misalignments, the relationship of consecutive misalignments, the di- 
mensions of the rocket parts, the degree of nozzle expansion (under or over 
expansion), and a good many other factors. 

From the inertia properties of gases, however, it appears that these gase- 
ous misalignments are normally in the opposite direction and of lower mag- 
nitude than the mechanical misalignments that originate them (Fig. 3). 
Thus, the effect of each mechanical misalignment in general is partially de- 
creased by the effect of its resultant gaseous misalignment. 

This conclusion permits measuring mechanical misalignments and taking 
their concomitant gaseous misalignments into account by simply recog- 
nizing that the combined mechanical-gaseous misalignment is less on the 
average (although not invariably) than the mechanical misalignment 
alone. 

An estimate of the reduction could probably be made in each individual 
case at the expense of considerable detailed measurement and calculation, 
but does not appear merited. 

The second source of gaseous misalignments—nonsymmetry of manu- 
facture—can be expected to have a small effect since most rocket motors 
are designed to have radial symmetry, which is comparatively easy to 
maintain with conventional manufacturing procedures. However, an 
additional nonsymmetry can be introduced during firing by irregular burn- 
ing or warpage. Misalignments from this latter source cannot be pre- 
dicted for a given rocket type except by extrapolations of experimenta 
data. | 

In summary, it appears that the significant sources of misalignment are 
(1) mechanical misalignments, including their subsidiary, partially-com- 
pensating gaseous misalignments, and (2) gaseous misalignments from non- 
symmetry. 

The latter are not predictable except from experimental data, and are 
frequently relatively small. Accordingly, the remainder of this paper is 
devoted to consideration of mechanical misalignments which are dependent 
upon specified production tolerances, and the means for predicting and 
reducing such misalignments. 
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THRUST SUPPORT 


MISSILE C.G. 
THRUST RING 


FIG. 4 LARGE ROCKET-POWERED MISSILE (SIMPLIFIED ) 


Mechanical Misalignments 


_ The rocket missile is normally symmetrical with its center of gravity de- 
signed to lie on the center line of the missile. This center line is defined as 
the center line of the missile skin surrounding the center of gravity. A lack 
of coincidence of either the perpendicular center line of the nozzle exit sec- 
tion or the actual missile center of gravity with the design position of the 
missile center of gravity is therefore a direct measure of mechanical mis- 
alignment. 

As noted earlier, mechanical misalignments result from manufacturing 
tolerances. A representative picture of the type of items to be considered 
can be gained from Fig. 4 showing a fictitious large rocket. 

The mounting of the motor has been portrayed in simple fashion in order 
to reduce the number of details under discussion. The rocket motor is 
made of five sections. At the forward section of the motor, a thrust ring is 
mounted. This ring is supported and aligned by the thrust support carried 
by the missile skin and frame. 

In counting the total possible sources of mechanical misalignment, it 
may be noted that the tolerances of each metal part in the chain between 
the nozzle exit section and the missile skin at the thrust support provide 
several sources of misalignment. If the parts of the rocket motor are as- 
sembled by using jigs to align the internal surfaces during a welding proc- 
ess, then there will be a minimum of misalignments. Three sources of mis- 
alignment will still be present for each part: (1) Lateral displacement of 
adjacent parts after welding; (2) angular displacement of adjacent parts 
after welding; and (3) lateral displacement of the center of the fore end of 
each part with the center of its aft end. 

It should be noted that other techniques of assembly such as threaded 
joints would have involved other tolerances such as the external dimensions 
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of each part, or the relative angularity of the fore and aft surfaces of each 
part. 

In addition to the roughly 21 misalignment possibilities for the seven 
parts between the nozzle exit and the missile skin at the thrust support, it 
is also possible for the missile skin at the center of gravity to be laterally 
and angularly misaligned with the missile skin at the thrust support. The 
missile center of gravity in turn may be misaligned with its adjacent missile 
skin. A total of approximately 24 misalignments is therefore possible. An 
instance where these misalignments all add arithmetically is shown in 
Fig. 5. 

The possibility of a rocket such as that of Fig. 5is evident. The question 
of how worrisome this situation is depends upon how probable it is. Ob- 
viously, if it happens only once in 1,000,000 motors, it will not merit con- 
cern. Accordingly, the probability of a given magnitude of misalignment 
must be determined before its undesirability can be judged. This is 
where statistical theory enters the picture. 


Statistical Treatment 


Ideal Statistical System: It will again be helpful to confine attention 
initially to an idealized system. Accordingly, it will be postulated for the 
sake of the initial statistical analysis that: (1) The dimensions of the vari- 
ous reproductions of each part follow a Gaussian—that is, a normal—dis- 
tribution in magnitude and uniform distribution in angle; and (2) the 
specified production tolerances of each part denote the three standard 
deviation (3c) limits of the distribution of sizes of that part. 

In order to translate these concepts into conventional language, con- 
sider the distribution of the dimensions of a single part such as the diam- 
eters of 1000 reproductions of the thrust ring. Suppose that the diameter 
of this ring is specified as 34.000 + 0.007 in. Since machining operations, 
particularly with human operators, are not exact but are influenced by 


PERPENDICULAR CENTER LINE @ 


TO NOZZLE EXIT FACE 


MECHANICAL 
MISALIGNMENT 


FIG. 5 ROCKET-POWERED MISSILE WITH ADDITIVE MISALIGNMENTS 
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random or chance effects, ep ine gamed 
some variation in the diam- ae be 

eter of the rings can be ex- 
pected. If the diameters 
are measured to the nearest 


0.0005 in., then the number 


° 


05 


PROPORTION OF ITEMS 
NUMBER OF ITEMS 


of rings at each measured was ait 0.002 34000 40002 ~ +0004 ~+0.006 70007 
diameter will be something ENE Se Te BEES TOLERANCES LE | 
rs NER DIAMETER OF THRUST RING—INCHES 
like that shown by the fre- 4 
quency bar chart in Fig. 6. FIG. 6 FREQUENCY DISTRIBUTION FOR 1000 THRUST 
: RINGS WHEN SPECIFIED TOLERANCES ARE EQUAL TO 
Most of the items center THE 30 RANGE 


around the specified mean 

dimension. ‘The number of items of each dimension decreases rapidly as 
the distance from the mean increases, and soon approaches zero. Experi- 
ence with mass-produced parts, and statistical theory both indicate that, 
if the variations are due solely to random effects, the envelope of the 
frequency bar chart usually approaches a normal or Gaussian distribution 
as shown by the dotted line. For both the frequency chart and the nor- 
mal distribution curve, the included area between the horizontal axis and 
the upper limits over a given range of the horizontal scale represents the 
proportion of the total number of items. It thus represents the probability 
that an item chosen at random will fall within the corresponding range of 
values. 

The mean of a distribution is defined as the arithmetic average. 


she RR SS EES AES A SE A PRR got lar ac [2] 
n 
where 
m = mean of the distribution 
zx = value of each observation 


total number of observations 


3 
Il 


The standard deviation, 
termed o, is defined as the 
root-mean-square of the 
deviations from the mean 
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The standard deviation +} srecirieo roverances +] 
is a measure of the spread INNER DIAMETER OF THRUST RING—INCHES 
FIG. 7 FREQUENCY DISTRIBUTION FOR 1000 RINGS 


OF scatter of the observa- WHEN THE 30 RANGE IS LESS THAN THE SPECIFIED 
tions. For example, if great TOLERANCES 
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care is taken in the manufacture of the thrust rings, then the distribution 
diagram would approximate that of Fig. 7. The distribution would have 
virtually the same mean as before, but less scatter and therefore a smaller 
standard deviation. 

The great advantage of a normal distribution is that it is completely 
defined in terms of its mean and its standard deviation. For example, the 
probability that a random point will fall within lo of the mean is 68.2 per 
cent for all normal distributions. For a 30 range on either side of the mean, 
the probability is 99.7 per cent. The 3c range has received common ac- 
ceptance among production quality control engineers as the range which, 
in the words of Gilbert and Sullivan, is ““Never—well, hardly ever’ ex- 
ceeded by chance effects alone. 

The successful experience with this practice is the reason that the 3o 
range was chosen in the ideal system to coincide with the specified produc- 
tion tolerances. The 3c range is undoubtedly not exactly correct for any 
one manufacturing situation but conforms in a broad sense to economical 
practice which dictates that Just enough care be taken in production to 
insure that the specified tolerances are literally “hardly ever’’ exceeded. 

Now that the distribution of dimensions for reproductions of a given 
part has been reviewed, it may be informative to see what happens when 
parts are combined. Consider for the sake of example the total misalign- 
ment obtained from the combination of parts containing four components 
of misalignment. The misalignment of each component can be repre- 
sented by a vector (see Fig. 8) which varies in magnitude according to a 
normal probability distribution and which varies in angle according to a 
uniform probability distribution. The total misalignment is the vector 
sum and is represented by the closing vector from the origin representing 
the center line of the missile. For simplicity it will be postulated that 
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FIG. 8 EXAMPLES OF THE SUM OF FOUR RANDOM VECTORS 


[Properties of the vectors: (1) Normal probability distribution in magnitude with 
equal o’s; (2) uniform random probability distribution in angle] 
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FIGURE 9 
CHI SQUARE (X,") PROBABILITY DISTRIBUTION 
WITH TWO DEGREES OF FREEDOM 


fix®) = = 
2 


O4 


Probobility Value of X," 


03 


f(x) 


02 


AREA UNDER SEGMENT OF CURVE 

REPRESENTS PROBABILITY THAT 

X* WILL FALL BETWEEN LIMITING 
VALUES OF Xx? 


2.0 40 6.0 8.0 10 12 
xe 

FIG. 9 CHI-SQUARE (x22) PROBABILITY 

DISTRIBUTION WITH TWO DEGREES OF 


163 


each of the component vectors has 
the same o or production tolerance 
in terms of misalignment. 

The component vectors can be of 
such magnitude and direction as to 
add up to a closing vector equal in 
size to the arithmetic sum of 3c mag- 
nitudes for all four component vec- 
tors. The resulting closing vector 
would be an extremely rare occur- 
rence since it would occur one time 
in 100,000,000 on the average. Less 
rare but still highly improbable is 
the possibility that the vectors add 


Eaeet e e to virtually zero as in Fig. 8b and 


8c. Most of the time, such as in cases 8d, 8e, and 8f, the closing vector 
will have a magnitude in the intermediate range. The problem thus re- 
solves down to determining what proportion of the time—i.e., with what 
probability—each range of closing-vector values can be expected. 

Fortunately, the complete probability distribution of the vector sum for 
the general case of n components can be derived by invoking some theorems 
from mathematical statistics. The proof is involved and only incidental 
to the purpose here. Accordingly, it will merely be demonstrated that the 
results are reasonable. The theoretical derivation is appended for those 
who are interested. 

The statistical theory indicates that the probability distribution of the 
net misalignment p(/), is given by 


fe GL) Cea db eh 7s Dhl | | A Ole aieokn a) a a eae [4] 


where o7? = 0,” + on? + .... on? and a1, o2,..., 0, are the respective 
standard deviations for the n component misalignments, and x2? represents 
_ the chi-square probability distribution with two degrees of freedom. 

That is, the magnitude of a misalignment at a given probability level is 
equal to or times the square root of x2? at the same probability level. For 
example, x? has a 99 per cent probability of being equal to or less than 9.21. 
Then the magnitude of the misalignment has a 99 per cent probability of 
being equal to or less than A 9.21. 


The values of x? at various proba- TABLE 1 
bility levels are available from con- Probability 
am ventional statistical tables and are of inclusion x2? 
shown in Fig. 9 and Table 1. The na- Hae Renee ca) 
ture of the probability distribution of pigamai Wlboket a: 
net misalignment is shown in Fig. 10 (cea Aue 9.77 
fora or equal to 1.0. It may be noted O50 dinero 1.39 
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that the distribution of net 
misalignments agrees in 
principle with the earlier 
reasoning from Fig. 8. 

Real Statistical System, 
Sample Problem: Recall ov \+— Probability 
that the prior statistical | 
analysis is based upon an \ 
ideal system and is not 
exact for real systems. Per- 
haps the usefulness and the 
limitations of the analysis 
can best be appreciated if 
it is applied to an actual 
misalignment problem. 

Ideal Statistical Model: 
Consider the large rocket of Fig. 4 in the light of the theory proposed thus 
far to see what can be said about the probability distribution of the total 
mechanical misalignment if it has a simplified set of specified mechanical 
tolerances as in Table 2. | 

The table also shows the corresponding standard deviation o for each 
misalignment when its corresponding specified tolerance is taken equal to 
the 3c range. Recall that the standard deviation of the total misalignment 
is given by a7? = 012? + 02? + ..., On”. 


FIG. 10 PROBABILITY DISTRIBUTION OF NET MIS- 
ALIGNMENT VECTOR, or = 1.00 


TaBLE 2 Spreciriep TOLERANCES AND CORRESPONDING STANDARD DEVIATIONS OF THE 
RESULTING PossIBLE MISALIGNMENTS 


Tolerances ———~ 
Lateral, Angular, o, 


No. Item in. deg in. 
1 Lateral location of missile center of gravity rela- 
tive to the center line of the missile +0 .060 He: 0.02 
2 Lateral location of center line of missile skin at 
center of gravity relative to the center line at 
the rocket thrust ring +0 .050 oe 0.017 
3 Angularity of center line of missile skin at center 
of gravity with the center line at the rocket 
thrust ring et +0.020 0.0287 
4-10 Lateral alignment of the center line of the fore face 
of each part with the center line of the aft face +0.010 Sa 0.0033 
11-17 Lateral alignment of adjacent sections after being 
welded together or otherwise joined +0.010 Mes 0.0033 
18-24 Angularity of adjacent sections after being welded 
together or otherwise joined Mea +0.010 0.014 


* Calculated for a distance of 20 ft between nozzle exit face and missile center of 
gravity. 
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TABLE 3 STANDARD DEVIATION OF GROUPED MECHANICAL MISALIGNMENTS 


Items in Group ¢, 
(From Table 2) ; Grouped Misalignment in. 
1-3 Location of missile center of gravity relative to the cen- 
ter line of missile at the rocket thrust ring 0.0387 
4-17 Lateral alignment after assembly of center of nozzle exit 
face with missile center line at rocket thrust ring 0.00466. 
18-24 Angular alignment after assembly of perpendicular 
center line of nozzle exit face with missile center line 
at rocket thrust ring 0.014 
All Over-all grand total, or 0.0412 


Incidentally, this relationship also holds true if component o’s are 
grouped according to type to obtain a measure of the relative importance 
of the various types of variables. This is shown in Table 3. 

It may be noted from Table 3 in passing that because of the root-mean- 
square relationships, small misalignments tend to have a negligible effect. 
For the tolerances under consideration, the influences of the lateral toler- 
ances of the motor itself are completely insignificant. Angular tolerances 
of the motor have a minor effect, while the location of the missile center 
of gravity relative to the missile center line at the point of rocket attach- 
ment is dominant. 

Hence, on the basis of this information alone, the lateral tolerances on 
the motor could be relaxed appreciably without noticeable penalty. In 
addition, if it is concluded that mechanical misalignments should be re- 
duced, emphasis would be concentrated on the production practices which 
determine the position of the missile center of gravity with respect to the 
motor mount. A more thorough approach would be to devise some 
method of controlling over-all misalignment of groups of parts, or better 
still, of the entire missile. 

However, to resume the quest for the probability distribution of the total 


mechanical misalignment, only the Tig te Pannen rn Porte at 


over-all standard deviation, 0.0412 hy tdinrenons 
in., in the probability relationship —_ probability 
stated earlier need be considered: of not 
exceeding Maximum 
P(M) = of(x2?)'/2..0..02 000004 [5] maximum misalignment,. 
misalignment x2? in. 
By using values of x2? from Table 110577 ves 0.628" 
1, Table 4 can be constructed to the 0.99 Cee Panes 
desired relationships. The maxi- pee Beak vee 
F oi le ogee 0.90 4.61 0.088 
mum possible mechanical misalign- 0.75 2.77 0.069 
ment based upon simple arithmetic 0.50 1.39 0.048 


addition of all tolerances has been * By simple arithmetic addition of all 
included for comparison. tolerances. 
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It can therefore be concluded that although a total mechanical misalign- 
ment of 0.628 in. is possible within specifications, 99 per cent of the time 
the mechanical misalignment would not exceed 0.125 in. Similarly, 90 
per cent of the time, the misalignment will remain below 0.088 in., 50 per 
cent of the time, below 0.048 in., etc. 

Modifications Required for a Real Statistical Model: Thus far, the 
analysis of the real rocket has been based upon the ideal statistical model. 
It is now appropriate to examine the conclusions reached thus far to see 
how they should be modified in view of the deviations of the real rocket 
from the ideal statistical model. The following deviations from the ideal 
statistical model deserve consideration: 

1 The distribution of the critical dimension of each component part 
may not be exactly Gaussian (normal). This fact conceivably threatens 
the validity of the root-mean-square addition of o’s. 

In actuality, however, a small deviation from normality, as is prob- 
able, will introduce only a small error. Moreover, it is a theorem of theo- 
retical statistics that the distribution of the sum of several nonnormal dis- 
tributions approaches the properties of the sum of normal distributions. 
Since the situation at hand involves the sum of many distributions, it may 
be safely concluded that the principle of root-mean-square addition of 
o’s is applicable. 

2 The specified tolerances may not correspond exactly to the 3c range of 
the distribution of dimensions of each part. If this deviation from theory 
is consistent throughout, it will introduce a directly proportional error in the 
conclusions. 

If the deviations from 30 are randomly inconsistent they will tend to 
cancel. As was noted earlier, there is a strong economical incentive for the 
tolerance limits to mark the “hardly ever” range of production parts. 
Whether this range in any given situation corresponds to the 3c range can 
only be determined by measurements of the parts from the actual produc- 
tion situation. 

3 The distribution of the component parts may not have a uniform dis- 
tribution in angle—i.e., may not be radially symmetrical. This possibility 
threatens the validity of the x? distribution of the total distributions. 

It is possible that certain types of assembly jigs will introduce misalign- 
ments in the assembly of radially symmetrical parts which are not random 
in angle, but which consistently occur along certain angles. Fortunately 
this effect like the lack of normality is washed out when several sources of 
deviation are present. It can therefore be safely concluded that application 
of the x? distribution is valid. All in all, it appears that consideration of 
the deviations of the real system from the ideal statistical model does not 
disclose significant inaccuracies and does not change conclusions in prin- 
ciple or in order of magnitude. It does indicate that without data on 
manufacturing precision of each individual manufacturing process, the 


aL) DECEMBER, 1950 167 


conclusions from the ideal statistical model may not be assumed to be 
highly precise. 


Over-all Evaluation: Thus far, the analysis of the sample rocket has 
led to the conclusions that the probability distribution of the mechanical 
misalignment will be on the order of the values discussed earlier, and shown 
in Table 4. The total mechanical-plus-gaseous misalignment will be 
larger or smaller than the mechanical misalignment depending upon 
whether or not the additive gaseous misalignments from nonsymmetry 
exceed the compensating gaseous misalignments originating from the me- 
chanical misalignments. 

The probability distribution of gaseous misalignments can be deter- 
mined for a given rocket vehicle only by experiment. In general it is ex- 
pected that the net gaseous misalignment will be of the same order of mag- 
nitude or smaller than the mechanical misalignment. In accordance 
with the theory presented earlier, the standard deviation for the distribu- 
tion of the total misalignment is the root-mean-square sum of the o’s for 
the mechanical and gaseous misalignment distributions. 

When the distribution of the total misalignment has been determined, 
some decisions must be reached about (1) the maximum permissible mis- 
alignment, and (2) the probability (relative frequency of occurrence) that is 
acceptable for the maximum permissible misalignment. 

The maximum permissible misalignment will depend upon the design 
and application of the rocket vehicle. Variables such as aerodynamic sta- 
bility, size of target, roll rate of vehicle, type of guidance, total time of 
flight, and total rocket impulse, will dictate permissible misalignment. 

The acceptable probability of permissible misalignment is largely de- 
pendent upon the application and the manufacturing difficulties involved. 
Thus, a short range bazooka missile might be quite satisfactory under 
production conditions which resulted in a 90 per cent probability of satis- 
factory alignment. On the other hand, a large, extremely expensive 

@ sounding rocket might require the added manufacturing expense of insuring 
better than 99 per cent probability of a satisfactory alignment. In some 
cases, the probability of a successful flight will vary with the magnitude of 
the misalignment, which in itself follows a probability distribution. Deter- 
mination of the optimum values of the permissible misalignment in such in- 
stance would therefore depend upon the analysis of a joint or three-dimen- 
sional probability function. 

Conclusions 


The foregoing analysis has led to the following major conclusions: 
& 1 Jet misalignment arises from mechanical and gaseous misalignments 
which stem from nonaxial and nonsymmetrical manufacture. 
2 The relative effect of individual sources of mechanical misalignment 
can be estimated by adding their specified tolerances according to root- 
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mean-square sums. This results in numerous small tolerances having a 
negligible effect while a few large tolerances can have a relatively predomi- 
nant effect. 

3 Over-all misalignments are reduced when assembly alignments are 
controlled for groups of parts, rather than for individual parts. Lowest 
misalignment is obtained if direct control of over-all misalignment is in- 
corporated in the manufacturing assembly procedure. 

4 The proposed statistical method of assessing the probability dis- 
tributions of total jet misalignment yields values at the various probability 
levels which are probably correct in relation to each other. For more pre- 
cise conclusions, experimental observations on the probability distribu- 
tions of dimensions of the manufactured parts and on the average order of 
magnitude of gaseous misalignments are required. 


Appendix 


Theoretical Deviation of the Probability Distribution of the Vector Sum of 
n Random Vectors: 

Given n random vectors 11, 72, . . . , 7 With probability distributions such 
that: 

1 The lengths of the vectors follow Gaussian distributions with means 
Mm, = Mm =..., Mm, = 0, and variances oj, 02, :.., On. 

2 The angles of the vectors follow uniform, random distributions. 
Then, from the generalized central limit theorem, the vector sum F of the 
n vectors will be a random variable such that its projections, 7 and y, on 
any two arbitrary, mutually perpendicular planes, X and Y, respectively, 
will follow independent Gaussian distributions defined by 


From geometry, 2? + y? = R?. 

Hence the distribution of R? is the sum of the squares of two independent 
Gaussian distributions. However, the sum of the squares of two standard 
normal deviates is a chi-square (x27) distribution with two degrees of free- 
dom. 

By definition, «/c, and y/o, are standard normal deviates. Hence 


2 
(=) Bi. (4) aN 
Ox Cy 


But oz = oy. Hence, 


and 
R? = oz? x22 


whence 
R = o2(x2?)?/2. 
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CHAPTER I 


INTRODUCTION 


Although the fundamental issues in higher education 
have to a large extent remained the same in the past and 
will probably remain the same in the future, the recent 
surge in college enrollments has brought into sharp relief 
the many problems involved in counseling and guidance at the 
college level. In particular, attention has been directed 
to the problems at hate many students should be educated beyond 
the high school level and what range of talents should be 
served by higher education. Examination of the literature in 
higher education reveals a marked increase in studies being 
made by college faculties concerning the aims and objectives 
of their institutions and the relation of the curriculum and 
the students to these aims, National interest in these 
problems has resulted in the establishment of the President's 
Commission on Higher Education, which has already published 
one of a series of reports on the critical issues in higher 
education,+ a further indication of concern for the problems 


of guidance of college students has been the widespread 


1. Report of the President's Commission on Higher Education, 
Vol. I, Establishing the Goals (Washington: Government 
Printing Office, 1947). 
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development of qualifying examinations for the several schools 


and colleges in each of the professions, 
Statement of the Problem 


As a part of the overall problem of counseling and 
guidance at the college level, this study proposes to make a 
critical analysis of the complex of special abilities neces- 
sary for successful achievement in the pre-engineering 
curriculum, Specifically, the problem is: 

Lee determine the extent to which certain special 
ability measures are involved in the general area of engineer- 
ing study and in the following subject areas of the pre- 
engineering curriculum: 

a, Mathematics - through integral calculus. 

b. Chemistry - general inorganic and organic. 

c, Physics - mechanics, electricity, magnetism, heat, 
light, sound. 

dad. Engineering - pre-professional subjects, 

e, Cultural - English, history, economics, speech. 

2. To investigate the interrelationships among these 
special ability measures and to determine the relative inde- 
pendence of these measures, 

- 3. To seek clues for the further development of special 
ability tests to be used for the counseling and guidance of 


engineering students. 
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Justification for Study 


Immediately following the close of the recent war, the 
engineering colleges throughout the country were suddenly 
faced with enrollment problems never before experienced. A 
national survey made in 1946 by a committee of the American 
Society of Engineering Education found that in a single year, 
from the fall of 1945 to the fall of 1946, engineering 
enrollments had more than trebled the previous year's total 
enrollment and at the same time had exceeded the maximum 
capacity of the engineering colleges by 50 per cent .@ In 
commenting on the future trend of engineering enrollment, 
this committee has the following to say: 

Because of the growth of interest in scientific 
and technical pursuits one student out of every nine 
students of the country, including both men and women, 
is now enrolled in engineering (not including related 
fields of physical science), and no abatement of this 
trend is in immediate prospect, Thus it seems clear 
that a rapid rate of increase of enrollments will con- 
tinue during the coming year and that the resources 
of engineering schools already seriously overtaxed, 
will be loaded still further. 3 

Thus the increasing demand for engineering study and the 


limited facilities of the colleges of engineering make 


necessary the careful scrutiny of the special abilities of 


the incoming students to determine those students who are 


2. Report of the Committee on Transfer Students from Emergency 


Institutions, in The Journal of Engineering Education, 
38:31-38, September, 1947. 


isi Ibid. , Po 31. 
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most Likely to profit by engineering training. 

The President's Commission on Higher Education found 
that the recent increase in engineering enrollment has another 
implication for engineering education. In estimating the 
occupational needs of the nation, the Commission reports that 
"the supply of engineering graduates may exceed immediately 
available engineering positions by June 1950, or perhaps 1949, 
and that if enrollments continue at their present level, this 
condition might continue in later years ,"4 Fortunately, 
according to the Commission, engineering education has for 
some time-been recognized as having great value as general 
education. Nevertheless, the possible future surplus of 
engineering graduates over immediately available engineering 
positions "emphasizes the imperative need of a thorough- 
going program of guidance and selection of prospective college 
students, especially prospective engineering students. ep ae 

Another indication of the need for ascertaining the level 
of abilities necessary for engineering study is the high rate 
of engineering student mortality as evidenced by the drop in 
number, One of the more prominent studies in student mortality 
was that by McNeely, in which he found that the penesntees of 


engineering students leaving the twenty-five institutions 


4, Report of the President's Commission on Higher Education, 
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studied during the four-year period without obtaining a degree 
was 61.7 per cent © Feder and Adler were particularly con- 
cerned about the guidance implications involved in the fact 
that of the group they were studying who completed the first 
semester in engineering, only 25 per cent remained in college 
to graduate. ! Sackett points out the fact that national 
surveys made in 1929 and 1939 reveal the same percentage, 
50 per cent, of entering freshmen engineering students failing 
to graduate because of "deficient scholarship, indefinite 
interest, or lack of fundamental aptitudes and other factors." 
Sackett further observes that "apparently no marked progress 
has been made in the counseling and selection of applicants 
for the purpose of eliminating those who are such obvious 
failures in their first year of collegiate experience "9 
Such studies as those listed above and many others could 
be cited which point to the fact that there is a definite need 
for a more thorough analysis of the special abilities in- 


volved in engineering study. 


6. John H. McNeely, College Student Mortality. Office of 
Education Bulletin 1937, No. 11 (Washington: Government 
Printing Office, 1937), pp. 26-29. 

7. D. D. Feder, and D. L. Adler, "Predicting the Scholastic 
Achievement of Engineering Students," The Journal of 
Engineering Education, 29:380-85, January, 1939. 

8. R. L. Sackett, "Selection of Engineering Students-- 


Discussion,” The Journal of Engineering Education, 30:595- 
600, March, 19h0. 
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Purposes of the Study 


The primary purpose of this study is to analyze the 


_ special abilities involved in the successful pursuit of pre- 


engineering training. In order to accomplish this major 
purpose, the following specific objectives, which comprise 
the large subdivisions of the study, are necessary: 

1. To determine the theory of special ability measure- 
ment and to trace and evaluate the development of special 
ability tests for engineering study. 

©, To determine which special abilities, as measured by 
the tests used, are seemingly necessary for the general pre- 
engineering curriculum and for certain sections of the cur- 
riculum, 

3. To determine the separate abilities which are measured 
by the group of special ability tests used in this study. 

4h. To find clues from the above analyses for the further 
development of special ability tests to be used in the guidance 


and selection of engineering students, 


Limitations and Assumptions 


The investigation and analysis of the proposed problem 
is restricted to the study of a certain group of students in 
the College of Engineering, University of California at 
Berkeley, who come under the following classifications: 

1. Students who entered the College of Engineering in 
the fall semester 1946 and who took the Pre-Engineering 


Inventory on September 14, 1946. 
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2. Students who had no college level courses on their 
records upon entering the College of Engineering. 

3. Students who had one year of previous college experi- 
ence prior to entering the College of Engineering at Berkeley 
and who could be classified as having sophomore standing in 
engineering, 

The study is further limited to the students’ academic 
records and the test results which are on file at the College 
of Engineering. Likewise, the special abilities analyzed in 
this study are limited to those abilities measured by the Pre- 
Engineering Inventory. 

In order to proceed with the problem outlined in this 
study, it must be assumed that: 

1. Pre-engineering study requires certain skills and 
abilities apart from those required for other areas of study. 

2. Those abilities whose measures show the highest cor- 
relation with average marks in all or any part of the pre- 
engineering curriculum are the ones most necessary for suc- 
cessful nektereiéat in the curriculum. 


Definition of Terms 


In order to establish common meanings of certain terms 
used in this study, the following definitions are given, 
Complex.--A whole made up of complicated or interrelated 


parts. The term is used in this study in connection with a 
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comb ination of special abilities believed necessary for 
engineering study. 

Special Ability.--Proficiency in performing a certain 
type of work, The primary concern here is academic work in 
engineering and the performance in certain scholastic work 
samples. Skills and abilities are used synonymously in this 
study since skills are considered to be developed or acquired 
abilities. 

Successful Achievement.--Measured by instructors’ marks 
and averaged by giving certain weights to these marks. The 


grade point average is a ratio of the number of grade points 


“received to the number of units undertaken. The following 


grade points are assigned to each mark at the University of 


California at Berkeley: 


For each unit of A grade 3 grade points 
For each unit of B grade 2 grade points 
For each unit of C a}: 1 grade point 
For each unit of D grade O grade point 
For each unit of F grade O grade point and the 


units are not counted 
toward fulfilling de- 
gree requirements, 
Pre-Engineering.--Refers to the first two years of 
engineering training at the college level, i.e., the freshman 
and sophomore years at a college of engineering. 


Differential Prediction.--The prediction of relative 


achievement in different subject areas, A test having 
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differential value would be one that has a distinctly higher 
correlation with its appropriate criterion than with other 
criteria. 


Procedure 


An investigation will be made first into the literature 
dealing with special ability measurement in order to determine 
the development of the theory involved, Several studies using 
various predictive measures for engineering study will be 
examined and an attempt will be made to evaluate the various 
types used and to point out the promising trends in special 
ability measurement on the basis of the findings reported in 
the studies. 

Using the average marks made by the groups of students 
used in this study, intercorrelations among the subject areas 
of the pre-engineering curriculum are computed to determine 
the relative independence of the criteria. Correlation coef- 
ficients between the sub-tests of the Pre-Engineering Inventory 
and the subject areas are computed, and on the basis of these 
validity coefficients a differential analysis is made to 
determine the tests which are particularly identified with 
certain subject areas. 

Intercorrelations are computed next among the sub-tests 
of the Pre-Engineering Inventory to determine the amount of 


overlapping and the relative independence of the tests. A 
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factor analysis is made of these intercorrelations to deter- 
mine which tests seem to be measuring a common factor. In 
order to examine more closely the nature of the special 
abilities measured by the test battery, an item analysis is 
made on the basis of grade point averages earned in the 

College of Engineering. The items found to be the most 
discriminating between good achievers and poor achievers are 
miceed out from the context of the test and analyzed as to 

the various types of skills and abilities required. On the 
basis of the factor analysis ‘and item analysis, the independent 


special abilities measured by the Pre-Engineering Inventory 


- are identified. 


The findings of the various analyses made of the data 
are then summarized and the special abilities which are 
particularly involved in pre-engineering study are noted. 
Likewise, clues are sought from the findings which will aid 
in the further development of ability tests to be used in the 


guidance and selection of engineering students. 
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CHAPTER II 


MEASURES OF SCHOLASTIC ABILITY IN ENGINEERING - PART I 


As outlined in the procédure of Chapter I, the first 
step in this study is to determine those factors which have 
been found by various studies to be especially operative in 
successful engineering achievement. Each type of ability 
measure will first be described as to its nature and theoret- 
ical basis and then evaluated on the basis of its particular 
application to engineering study. This first step is neces- 
sary to provide a background for an intelligent analysis of 


the nature of the special abilities which seem to exert a 


prominent influence upon academic achievement in engineering. 


A Perspective 


Numerous studies have been made on the prediction of 
success in college, most of which have made limited contribu- 
tions to this field of knowledge. Occasionally there appears 
a significant study which gives direction and meaning for 
research in scholastic prediction. One of these significant 
studies is that conducted by the University of Minnesota which 


extended over a period of six years and was completed in 
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19h2 7 As reported by Douglas, the following factors were 
employed in this study: 

1. General ability or intelligence tests 

> 2. Achievement test scores in various subjects 

3. Special ability tests 

4. Average marks in high school 

5. Average marks in college 

6. Marks in certain subjects 

7. Interest analysis inventories 

8. Age, sex, living conditions@ 

This list of factors used in predicting maiden success covers 
in scope most of those factors which have been developed in 
predictive studies to date. 

Since an exhaustive predictive study was made in each of 
the schools and colleges of the University of Minnesota, it 
was possible to get an advantageous perspective not pet n 
obtained in most predictive studies. One significant finding 
of this study was the fact that variables found especially 
useful in predicting success in one school or college were 


) not found to be equally prognostic for any other school or 


1. University of Minnesota, Studies in the Prediction of 
Scholastic Achievement, Parts I and II (Mimeapolis: 
University of Minnesota Press, 1942). 

2. H. R. Douglass, "Different Levels and Patterns of Ability 


Necessary for Success in College," Occupations, 22:183, 
 ) December, 1946. ) | 
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college. A prediction study made on a student body in the 
College of Business Administration, according to this finding, 
would not be particularly significant for the College of 
Engineering since different types of abilities are required 
for success in each college. This would detract somewhat 
from the significance of such studies as. those made by 
Durflinger and Segel? where an extensive summary was made of 
college prediction in general. No attempt was made in these 
studies to differentiate between types of colleges involved 
in their predictive summaries, 

Since the University of Minnesota studies have indicated 
that the Colleges of Engineering seem to require certain 
special abilities to a greater degree than do other schools 
and colleges, the search for significant factors in the pre- 
diction of scholastic success in engineering should be limited 
to studies which are concerned with engineering colleges, [In 
spite of the fact that there are wide variations among the 
different colleges of engineering due to differences in types 
of students attending and in standards maintained, the 


similarity in the programs of study in the engineering colleges 


3. Douglass, "Different Levels and Patterns of Ability 
Necessary for Success in College," op. cit., p. 183. 

4. G. W. Durflinger, "Prediction of College Success--A Sum- 
mary of Recent Findings," Journal of the American Associa- 
tion of Collegiate Registrars, 19: 68-78, October, 1943. 

5. D. Segel, Prediction of Success in College. U.S. Office 
of Education Bulletin, No. 15 (Washington: Government 
Printing Office, 1934. 
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is sufficient to warrant a study of the measures of certain 
abilities which are persistently required for success in the 
various engineering colleges. The subsequent evaluation of 
the various ability measures therefore should be made not 

only on the basis of predictive value but also on the basis 
of the ability of the measures to differentiate engineering 


students from other students. 


Previous Scholastic Records 


In determining the academic ability of a student, atten- 
tion is generally directed first to the student's previous 
scholastic record. This is based upon the generally accepted 
assumption that performance in the past is a good predictor 
of performance in the future in a similar type of activity. 
Counselors and administrators at the college level are for- 
tunate in having access to students’ academic records cover- 
ing a number of years of secondary School work, The various 
techniques used in connection with previous scholastic 
records will not be discussed here since the topic is not 
within the scope of this study and has been fully investigated 
in another study by the writer,© 

Table I presents a summary of correlations between high 
school achievement and first and second semester freshman 


engineering achievement reported by Bartlett, Berdie, Butsch, 


6. H. S. Moredock, Techniques in the Selection of Engineerin 
Students (Master's thesis, University of California, igh). 
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Cohen, and Laycock and Hutcheon, / 
TABLE I 


SUMMARY OF CORRELATIONS FOUND BY VARIOUS STUDIES BETWEEN 
HIGH SCHOOL RECORD AND ACHIEVEMENT IN FIRST SEMESTER 
AND SECOND SEMESTER FRESHMAN ENGINEERING 


a 


ee eet eee 


First Semester Second Semester No. of 


Author z= r Cases Date 
Bartlett 46 48 -- 1943 
Bartlett 39 45 os 1943 
Berdie 56 154 1944 
Butsch ~2D3 ele) 1934-37 
Cohen oT 156 1941 
Cohen 48 180 1942 
Laycock and 

Hutcheon 61 Lh 1939 


Table I shows that the correlations between high school 
achievement and success in freshman engineering range from 
.39 to .61 with the median correlation being .48, The corre- 
lation of .61 found by Laycock and Hutcheon might be mislead- 
ing due to the fact that the final high school marks were 
based on achievement test scores. If this study were not 
taken into consideration because of the additional factor of 
achievements test scores being entered, the range of correla- 


tions would extend from .39 to .56 with the median remaining 


7. R. S. Bartlett, "Guidance and Placement of Engineering 


Students, "The Journal of Engineering Education, 33:549, 
March, 1943. 

R. L. C. Butsch, "Improving the Prediction of Academic 
Success through Differential Weighting," The Journal of 
Educational Psychology, 30:407-15, September, 1939. 
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the same at .48, 

Comparison of these results with those obtained by 
studies of the prediction of general college achievement from 
high school records shows that the median correlation report- 
ed in Table I is slightly lower. Segel finds a median corre- 
lation of .55 and a range of .29 to .77 in his summary of 
studies in the prediction of college scholarship from high 
school average marks ,© This would indicate that average 
marks in high school predict about the same for all colleges 
and do not differentiate particularly among the various 
academic fields. 

In searching for measures of special abilities, marks 
received in certain high school courses have been considered 
as indicative of special abilities for specialized college 
training. Studies have consistently shown that there is little 
or no relation between specific patterns of high school sub- 


jects and college scholarship in the various fields of study.” 


7. (Continued) 
L, Cohen, "Predicting Academic Success in an Engineering 
College and Suggestions for an Objective Evaluation of High 


School Marks,” The Journal of Educational Psychology, 
37:384, September, 1946, 


S. R. Laycock, and S. B. Hutcheon, "Preliminary Investiga- 
tion into the Problem of Engineering Aptitude," The Journal 
of Educational Psychology, 30:284, April, 1939. 

8. As reported by A. C. Eurich, and L. F. Cain, “Prognosis," 
in Encyclopedia of Educational Research (New York: The 
Macmillan Co., 1941), pp. 848-9. 

9. H. R. Douglass, "Relation of Pattern of High School Credits 
to Scholastic Success in College," North Central Associa- 
tion Quarterly, 6:283-97, December, 1931. 
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Bartlett points out the following reasons why the scrutiny 
of scholastic performance in high school, with special atten- 
tion to contrasting achievement in different subjects is an 
unfruitful one: 

1. Only rarely is a student's record consistent; gener- 
ally it is erratic due to maturing growth. 

2. Motivation may vary from year to year and from sub- 
ject to subject. 

3, Schools differ widely in emphasis on different studies 
and standards maintesined?° 

Prediction studies in engineering have shown that when 
early achievement in engineering colleges is compared with 
scholarship at the advanced levels of engineering, the corre- 
lations are sizably increased, Bartlett reported a correla- 
tion of .65 between the first semester freshman grades in 
engineering and marks achieved in the senior year 11 Brush 
found a correlation of 837 between first semester average 
marks and total grades made in engineering .1¢ When the aver- 


age grades made during the first year in engineering were 


compared with the average marks obtained in the subsequent 


10. R. S. Bartlett, "Guidance and Placement of Engineering 
Students," The Journal of Engineering Education, 53:537, 
March, 1943. 

ll. eid jo. 549. 

12. E. N. Brush, "Mechanical Ability as a Factor in Engineer- 


ing Aptitude," The Journal of Applied Psychology, Bos 50T 
June, 1941. 
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three years, Wilson and Hodges reported a correlation coeffi- 
cient of .584, which is somewhat lower than the others. 
Siemens likewise compared the freshman year grade point aver- 
age with the upper division average in each of the three 
major branches of engineering--electrical, mechanical, and 
civil engineering, and he obtained correlations ranging from 
67 to Thal These studies bear out the obvious fact that 
predictive efficiency increases when the data upon which the 
prediction is based approach in kind the data forecasted. 

In general, high school records cannot be considered as 
having differential predictive value. This does not mean that 
high school records have no value whatever for guidance and 
selection of engineering students. Table I clearly shows 
that high school achievement has predictive value for engineer- 
‘tee study but not for engineering study alone. In the 
guidance and selection of engineering students, high school 
records should be considered as indicative of general scho- 
lastic ability and not as indicators of certain special 


abilities, 


13. M. 0. Wilson, and J. H. Hodges, "Predicting Success in 
the Engineering College," The Journal of Applied Psychol- 
ogy, 16:349, August, 1932. 

14, C. H. Siemens, Prognosis of the Achievement of Engineer- 
ing Students (Ph.D. dissertation, University of Califor- 
nia, 1939), p. 25. 
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Tests of General Scholastic and Primary 
Mental Abilities 


Out of the belief that intelligence is the primary de- 
terminer of scholastic success, several tests have been 
developed which propose to measure general intelligence. More 
recently these tests have been called general scholastic 
aptitude tests since validation is made on the basis of scho- 
lastic achievement. According to the theory underlying the 
construction of these tests every individual is believed to 
possess, in greater or lesser extent, a certain amount of 
generalized learning power or scholastic efficiency. A test 
which measures this learning power is considered to have equal 
significance for any field of intellectual endeavor, and gross 
scores on these tests are therefore interpreted to be measures 
of academic promise. 

Originally the general scholastic aptitude tests were of 
the “omnibus” type, consisting of items with the sole purpose 
of measuring intellectual capacity without regard to any 
components of aptitude. Recently, these tests such as the 
American Council Psychological Examination and the College 
Board Scholastic Aptitude Test have been revised to yield 
verbal or linguistic and mathematical or quantitative scores. 
The subject matter of these tests, however, is secondary to 
the types of abstract thinking which are believed to be basic 


to scholastic aptitude. 
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A number of studies were found which used the American 


Council Psychological Examination in connection with the pre- 


diction of scholastic success in engineering, Table II sum- 


marizes the results of the studies made by Bartlett, Berdie, 


Brush, Butsch, Holcomb and Laslett, McGehee, Remmers and Gage, 


and Vaughn 15 


15. R. S. Bartlett, "Guidance and Placement of Engineering 


Students," The Journal of Engineering Education, 33:549, 
March, 1943. 


R. F. Berdie, “Prediction of College Achievement and 
Satisfaction," The Journal of Applied Psychology, 28:2he, 
June, 194}. 

E. N. Brush, “Mechanical Ability as a Factor in Engineer- 
ing Aptitude," The Journal of Applied Psychology, 25:307, 
June, 1941. | 

R. L. C. Butsch, “Improving the Prediction of Academic 
Success through Differential Weighting," The Journal of 
Educational Psychology, 30:407-15, September, 1939, é' 
G. W. Holcomb, and H. R. Laslett, "A Prognostic Study of 
Engineering Aptitude," The Journal of Applied Psychology, 
16:112, April, 1932. 

W. McGehee, "The Prediction of Differential Achievement 
in a Technological College," The Journal of Applied 
Psychology, 27:89, February, 1943, 

H. H. Remmers, and H. E. Geiger, “Predicting Success and 
Failure of Engineering Students in the School of Engineer- 
ing in Purdue University,” Purdue University Studies in 
Higher Education, 38:17, May, 1940. 

K. W. Vaughn, “Basic Consideration in a Program of 
Freshman Evaluation," The Journal of Engineering Education, 
35:178, November, 194, 
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TABLE II 


SUMMARY OF CORRELATIONS FOUND BY VARIOUS STUDIES BETWEEN 
AMERICAN COUNCIL PSYCHOLOGICAL EXAMINATION AND 
FRESHMAN FIRST AND SECOND SEMESTER AVERAGE 
GRADES IN ENGINEERING 


American Council Psychological Examination 


No, of 

Author First Semester Second Semester Cases Date 
Bartlett Pips ce -- 1941 
Bartlett yy AL -- 1941 
Bartlett 46 a -- 1938 
Berdie Ae 154 1944 
Brush 47 160 1932 
Butsch 585 333 1934-37 
Holcomb and 

Laslett OD -- 1932 
McGehee 48 383 1942 
Remmers and 

Geiger 62h 1089 1933-34 
Vaughn 43 428 1944 
Vaughn AT 600 1944 


The zero order correlation coefficients range from .21 
to .624 for the American Council Psychological Examination 
with the median being .46, Only one study was found which 
used the College Board Scholastic Aptitude Test in connection 
with predicting engineering academic success. This study was 
based on one hundred freshman engineering students at Cornell 
College of Engineering and reported a correlation of .46 with 
the verbal section and .52 with the mthematical section of 


the test , 16 In Segel's summary of the correlations between 


16. N. Frederiksen, "Prediction of Academic Success in Engi- 
neering Schools" (a pamphlet distributed by the College 
Entrance Examination Board), 1947. 
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tests of general scholastic aptitude and college scholarship, 
the median correlation found was .44,1! ‘These data indicate 
that the scholastic aptitude tests predict general college 
scholarship about as well as engineering achievement and 
therefore have no particular differential value, Table ITI 
indicates, however, that the predictive value of these tests 
is sufficient to conclude that general scholastic ability is 
a factor in engineering academic achievement. 

A further development in scholastic aptitude tests is 
the Thurstone Primary Mental Abilities Test which attempts 
to measure the separate factors in scholastic aptitude. This 
test is discussed in connection with general scholastic tests 
because its construction is similar to that of other scho- 
lastic tests except for the feature of having more component 
factors. In the attempt to get at primary mental abilities, 
the subject matter of the items is secondary to the nature of 
the intellectual activity required. Only the simplest of 
materials is used but the level of thinking required runs up 
into adult levels. 

Goodman reports the results of a number of studies made 
on Thurstone's Primary Mental Abilities Tests in connection 


with predicting college success at the University of Penn- 


17. As reported by A. C, Eurich, and L. F. Cain, op. cit., 
p. Sk7. 


‘erefoton egetfoo bas ehrtitqs otteafodoe Loreneg to ated 
aa ; A ve are ; oa P : zi - a) 
stsotant stab owed? 4 al, ecw Rasot noltaleciroo wetbhem eddy’ 


onellos Lateran, totberq advaot abetitia sttesfordos oct Stadt 


Dae Jiuectovelfos piiteestare as [lew as eee 


elds?  ,eylev Lettaerettib taleoelsreq net ved. erotoredt 


avaet epett to eviavy eritokbenrq off Tadt revewou eotao ibe 


: % 1 $" Wa ft’ 
pi P| edly i eS 
ef 2 A dots Cae y Ge 


aelodos Laveces vacs ehel Qftod od S. tots tere ot 


tromeveidos clmobaos gukregatyce at totoeh ry 


a 5 5 a ee Sew oe Babi i iil neo ton Bs a“ saree ge ai § . 
et atest ehetitqs oiteafodou al tremroleved ‘tedviw? & 


‘ ee ee vin & rhe ' oS 
atquesi6 ao tlw sael Best LI fds 


tteE exotenitt eat 
fc? ,ehetitgqes olveaelodog mi arefest efaraces edz. omvewen mrss 


aiaes oltjestiodoa Leteney diiw soltoeames at | beaavoal a at toot 


-odoe teidvo to tads of talimte at aelivomrnvanos eft oausced ; 

Senogmeo e'xomt nalved to eumitzet ot tot tasers atsed ot tual 
‘ < 

yaork Latjom eh! weiug t3 tay ot, tqmeadte elt at , “otost 


tc etutad edt of Yuehdotee ef ameth edt, to td a ean tootdve edt 
to taolgmie edt vied .bextupet edivties Laudoeltotat adit 


ast Dertopet potidatdd to Level edd tod bear et afetredam: 


hen netiayta ‘to tedmunm 8 to 
xotisesinos ak ata? gals kitdn Letael + PRL a ‘onoteudt ao 


we CeCe to qs leatevind eid de BRAS 


ero go efttad me <A. S te 


4 ¥ teinenepnanalindl 


23 


sylvania ,18 Table III presents some of the data found in 
Goodman's study and organized in a manner which will permit 
an analysis of the predictive value for engineering and the 


differential value of the primary abilities tests. 


TABLE I1T@ 


CORRELATIONS OF THURSTONE'S PRIMARY ABILITIES TESTS WITH 
FIRST SEMESTER AVERAGES OF VARIOUS SCHOOLS AND 
COLLEGES AT THE UNIVERSITY OF PENNSYLVANIA 


School 
Engineer- Chemistry and Home Eco- Liberal 
Ability ing Physics nomics Arts 
Test N = 170 N= 147 N = na N = 306 
P .O4 -,008 .28 a Aly) 
N Bs 23 AL 2k 
V 033 Ah OL a) 
S a : .08 .28 .O4 
M .10 36 20 .28 
i a) 125 40 .28 
D 38 40 42 cack 
Key: P - Perception N - Number 
V - Verbal S - Space 
M - Memory I - Induction 


D - Deduction 


a Adapted from C. H. Goodman, "Prediction of College Success 
by Means of Thurstone's Primary Abilities Tests," Educa- 


tional and Psychological Measurement, 4:125-140, Summer 1944, 


18. C. H. Goodman, "Prediction of College Success by Means 
of Thurstone's Primary Abilities Tests,” Educational and 


Psychological Measurement, 4:125-140, Summer 1944, 
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A multiple correlation combining the various abilities 
tests was found to be .48 for engineering students. This 
compares favorably with the correlations found for other 
scholastic aptitude tests. Inspection of Table III reveals, 
however, that the primary abilities tests have no particular 
differential value. The tests seem to predict about the same 
for all colleges and schools reported, particularly the 
number, verbal, and reasoning tests, 

Another study which was made by Stuitt and Hudson 
administered the Thurstone Primary Mental Abilities Test to 
students in various academic fields 19 The number of cases 
used in the study is so small that the results are highly 
unreliable. Therefore the study is mentioned only in passing. 

Crawford and Burnham point out the following construc- 
tion defects found in the Primary Mental Abilities Test: 

1. Failure to mke adequate item-analysis of the indi- 
vidual questions. 

2. Excessive influence of sheer response-speed. 

5. Rather high probable errors of the basic intercor- 
relations. 

Not only have doubts arisen as to the validity of the 
test but also of the primary factors themselves. There is evi- 


dence that these factors are variable in nature for different 


19. D. B. Stuitt, and H. H, Hudson, "The Relation of Primary 


‘Mental Abilities to Scholastic Success in Professional 


Schools," The Journal of Experimental Education, 10:179- 
182, December, 1941. | 
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age levels or populations, and therefore are not primary in 
a realistic sense .~° 


Scholastic Achievement Tests 


The scholastic achievement tests are primarily factual 
in nature. The emphasis in these tests is upon knowledge 
acquired or "achieved" by the student in certain specialized 
subject areas. An achievement test is therefore administered 
after a student has taken a particular course or series of 
courses to find out how much has been learned. These tests 
are retrospective in outlook and their content is reethe Be 
determined by standard curricula. 

A number of prognostic studies have been made in engi- 
neering using achievement tests in various subject areas. 
Since engineering study draws heavily from the subject content 
of mathematics and natural science, the achievement tests 
studied in connection with engineering have been limited 
mainly to these subjects. 

Table IV indicates in a general way how well certain 
scholastic achievement tests in high school mathematics cor- 
relates with average marks in freshman engineering. For 


comparative purposes, the names of the different achievement 


20. AB. Crawford, and P. S. Burnham, Forecasting College 
Achievement (New Haven: Yale University Press, iohé), 
pp. 213-14. 
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tests are given along with their validity coefficients. The 
data for Table IV are drawn from the studies of Bartlett, 
Berdie, Brush, McGehee, and Sackett. 
TABLE IV 
SUMMARY OF CORRELATIONS FOUND BY VARIOUS STUDIES BETWEEN 
' SCHOLASTIC ACHIEVEMENT TESTS IN MATHEMATICS AND 


FRESHMAN FIRST AND SECOND SEMESTER 
AVERAGE GRADES IN ENGINEERING 


Name of lst Sem. 2nd Sem. No. of 
Author Test Used z r Cases 
Bartlett Cooperative Math Test .69 64 -- 
Bartlett Cooperative Math Test .54 43 -- 
Berdie Cooperative Math Test JAS 154 
Brush CRB* Algebra 2529 77-160 
Brush CRB* Plane Geometry 2323 77-160 
McGehee Cooperative Math Test .50 hs 
Sackett Cooperative Math Test 55kx* 1738 


*Columbia Research Bureau. 
**Average of eight colleges of engineering. 


21. R. S. Bartlett, "Guidance and Placement of Engineering 
Students," The Journal of Engineering Education, 33:549, 
March, 1943. 

R. F. Berdie, "Prediction of College Achievement and 
Satisfaction," The Journal of Applied Psychology, 28:2he, 
June, 194). 

E. N. Brush, "Mechanical Ability as a Factor in Engineer- 
ing Aptitude," The Journal of Applied Psychology, 25:307 
W. McGehee, "The Prediction of Differential Achievement 
in a Technological College," The Journal of Applied 
Psychology, 27:89, February, 19}3. 

R. L. Sackett, "Discovery of Engineering Talent," The 
Journal of Engineering Education, 35:180, November, 194}. 
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The predictive measures for the mathematics achievement 
tests studied in Table IV range from .32 to .69 with the 
median correlation being .52. Probably more weight should 
be given the correlation of .554 obtained by Sackett when he 


averaged the results of eight different colleges of engineer- 


ing. Sackett found a smaller range of correlations from .44 


to .645 in his study. 

The Cooperative Mathematics Test is comprehensive in 
nature, covering all the subject matter of high school math- 
ematics. The study by Brush provides an interesting compar- 
ison between achievement tests in algebra and plane geometry. 
His results, as shown in Table IV, indicate that for the 
particular group studied the algebra test has a substantially 
higher validity coefficient than that of the plane geometry 
test. Further comparisons would be needed before the results 
are conclusive. 

Considering the results summarized in Table IV, there is 
clear evidence that proficiency in mathematics as measured by 
the scholastic achievement tests in mathematics is an important 
factor in engineering achievement. The wide range of corre- 
lations obtained by the different studies would indicate that 
the degree of importance to be attached to these tests in 
mathematics achievement should be determined by each individual 


college of engineering. 
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Turning now to the predictive value of scholastic 
achievement tests in the natural sciences for engineering, 

@ similar tabulation in Table V has been made of the results 
obtained from the same group of studies used in previous 
tables with the addition of Dvorak and Salyer.“ 

The range of correlations presented in Table V extends 
from .30 to .59 and the median is computed to be .54. This 
median corresponds closely to the median correlation of .52 
and the average correlation of .55 for mathematics achieve- 
ment reported in Table IV, which would indicate that the two 
types of achievement tests have about the same predictive 
value for the engineering colleges included in these studies. 
Further comparison of Tables IV and V ren that Bartlett 
and Berdie report higher validity coefficients for the Coop- 
erative Mathematics Tests than the Cooperative Chemistry Tests 
for their particular experimental groups. On the other hand, 
Brush finds that the CRB Physics Test has a higher correla- 
tion coefficient than the CRB Algebra, Plane Geometry, and 
Chemistry Tests. No general conclusions can be drawn from 
these data because there are too many unknown variables. The 


relative value of these tests will need to be determined for 


22, A.Dvorak, and R. C. Salyer, "Significance of Entrance 
Requirements for the Engineering College at the Uni- 


versity of Washington," The Journal of Engineering 
Education, 23:620, April, 1933. 
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TABLE V 


SUMMARY OF CORRELATIONS FOUND BY VARIOUS STUDIES BETWEEN 
PHYSICS AND CHEMISTRY SCHOLASTIC ACHIEVEMENT TESTS 
AND FRESHMAN FIRST AND SECOND SEMESTER AVERAGE 
GRADES IN ENGINEERING TRAINING 


Name of lst Sem. 2nd Sem. No. of 

Author Test Used r z Cases 
Bartlett Coopérative Chemistry Test 57 756 -- 
Bartlett Cooperative Chemistry Test 53 536 -- 
Berdie Cooperative Chemistry Test 34 154 
Brush CRB* Chemistry 43 77-160 
Brush CRB* Physics .589 77-160 
Dvorak and 

Salyer Towa Physics Placement 546 -- 
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each separate college of engineering in accordance with the 
type of student drawn there and the nature of the learning 
experiences provided. Generally, speaking, however, achieve - 
ment in chemistry and physics as measured by these tests is 
a factor to be considered in predicting average marks made 
in engineering. 

Durflinger affords an excellent opportunity to compare 
the results of Tables IV and V with studies that have made a 
summary of correlations between content examinations in gen- 
eral and college scholarship. He found that summary studies 
made by Douglass, Segel, and Wagner obtained median correla- 
tions between achievement tests and college scholarship 
ranging from .545 to {560 :°? Their findings closely-corres- 
pond to the median correlations found in Tables IV and V, 
wittch would indicate that content examinations have about 
the same predictive value for all the specialized programs 
in colleges and universities, including engineering. These 
summary studies, however, do not indicate which parts of the 
content examinations have particular value for each of the 
various specialized programs of study. 

Further examination of the engineering prognostic studies 


reveals that achievement in English is a factor in engineering 


23. G. W. Durflinger, "The Prediction of College Success-- 
A Summary of Recent Findings," Journal of the American 


Association of Collegiate Registrars, 19:73, October, 
19 eB 
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scholastic success not to be overlooked. Although English 
as a subject is stressed very little in engineering programs 
of study, there is'a growing realization that the engineer- 
ing student must be able to understand and handle verbal 
symbols in order fully to understand the technical reading 
material that he meets and adequately to express the results 
of his own thinking in engineering study. Drawing from the 
same source of studies previously used, with the addition of 
Feder and Adler," a summary has been made in Table VI of the 
correlations obtained by the studies using certain achievement 
tests in English. 

For this particular group of studies, a median correla- 
tion of .47 was computed, and the correlations ranged from 
.28 to .62. At the outset it is evident that the predictive 
value of achievement tests in English is generally somewhat 
less than that of achievement tests in mathematics, or physics 
and chemistry, which is to be expected. Butsch administered 
the Iowa High School Content Examination to a group of 333 
entering freshman engineering students and found that the 


relative contribution of the English and history sections to 


oh, D. D. Feder, and D. L. Adler, "Predicting the Scholastic 
Achievement of Engineering Students," The Journal of 


Engineering Education, 292381, January, 1939. 
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TABLE VI 


SUMMARY OF CORRELATIONS FOUND BY VARIOUS STUDIES BETWEEN 
SCHOLASTIC ACHIEVEMENT TESTS IN ENGLISH AND FRESH- 
MAN FIRST AND SECOND SEMESTER AVERAGE GRADES 

IN ENGINEERING | 


i 


Name of lst Sem. 2nd Sem. No. of 

Author Test Used x a Cases 
Bartlett | Cooperative English Test AT o> -- 
Bartlett Cooperative English Test 48 ay -- 
Bartlett Cooperative English Test I55 A -- 
Berdie Cooperative English Test .28 154 
Feder and 

Adler Towa English Training Test .62 — .60 84-99 
McGehee Comparative English Test 46 383 
Remmers 

and Geiger Purdue English Placement 52 1087 
Sackett Cooperative English Test 402* 1738 


* 
Average correlations of eight colleges of engineering. 
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the predictive value of the content examination as a whole 
was negligible.° 

In analyzing the special abilities required for-engineer- 
ing study, consideration should not be given only to the pre- 
dictive value of the special ability measures but should also 
include diagnostic and guidance values as well. In line with 
this point of view, the factor of achievement in English 
needs closer analysis in the light of criteria other than pre- 
dictive ability. Feder and Adler showed that the Iowa English 
Training Test had diagnostic value for their group. They 
found that no student who stood below the 30th percentile 
rank on this test graduated in engineering 26 Vaughn likewise 
points out that “students who do very well on verbal tests 
may or may not succeed in engineering, but students who do 
very poorly on such tests rarely succeed in any college cur- 
riculum, engineering or otherwise."°" Achievement in English 
is an important factor to be considered in engineering 


scholastic success primarily because of its diagnostic value. 


25. R. L. C. Butsch, "Improving the Prediction of Academic 
Success through Differential Weighting," The Journal of 
Educational Psychology, 30:417, September, 1939. 

26. D. D. Feder, and D. L. Adler, "Predicting the Scholastic 
Achievement of Engineering Students," The Journal of 
Engineering Education, 29:385, January, 1939. 

27. K. W. Vaughn, "The Yale Scholastic Aptitude Tests as 
Predictors of Success in the College of Engineering," 


The Journal of Engineering Education, 34:578, April, 
194. 
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The Iowa English Training Test which Feder and Adler 
found to have such high validity coefficients consists of 
four parts: spelling, punctuation, grammatical construction, 
and sentence meaning. In each part, examples are given and 
the student is required to select the correct ones and wrong 
ones. The Cooperative English Test, which is widely used at 
the freshman college level, consists a six parts of multiple 
choice items: spelling, vocabulary, punctuation, grammar and 
diction, capitalization, and sentence structure. The scope 
and content of these tests are typical of the English 
achievement tests. Other types of verbal tests will be sub- 


sequently discussed.. 


Chapter Summary 


A six-year study made by the University of Minnesota 
has confirmed the fact that colleges of engineering require 
certain special abilities to a greater degree than do other 
schools and colleges, and therefore the search for signif- 
icant factors in the prediction of scholastic success is 
justified and is properly limited to studies which are con- 
cerned with engineering colleges. 

Up to this point, an analysis has been made of prognostic 
studies in engineering which have used the predictive measures 
of previous academic records, certain achievement tests, and 


general scholastic aptitude tests. Each of these predictive 
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measures was first described as to its theoretical basis for 
determining certain abilities and then evaluated on the basis 
of its predictive value and differential value for engineer- 
ing study as far as could be determined by the studies 
analyzed. Such an analysis has its limitations. Not all 
studies are equally significant, and therefore care should be 
taken in interpreting the results of a summary of a group of 
studies. Nevertheless, in spite of these limitations, certain 
trends in results can be noted. 

Median correlations for each of the three factors were 
computed from summaries of engineering prognostic studies in 
order to determine the predictive value of each measure, The 
median correlations found in this study were then compared 
with median correlations for the same predictive measures rel- 
ative to general college scholarship as reported by other 
summary studies. Table VII presents this comparison, 

TABLE VII 
COMPARISON OF MEDIAN. CORRELATIONS FOR ENGINEERING 


SCHOLARSHIP AND GENERAL COLLEGE SCHOLARSHIP 
RELATIVE TO THREE PREDICTIVE MEASURES 
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Inspection of Table VII reveals that each of the measures 
has predictive value for engineering but also has about the 
same predictive value for other types of colleges as well. 
This would indicate that the differential value of these 
measures for engineering is limited and therefore the search 
- for special abilities in these measures would be unprofitable. 

Further evidence of the unlikelihood of these measures 
defining special abilities is found in examining the nature 
of the measures, The use of marks in certain courses to 
determine special abilities is highly unreliable because a 
student's record is rarely consistent, and schools differ 
widely in emphasis on different studies and standards main- 
tained. Achievement tests add a certain amount of definite- 
ness to the picture, but their use as special ability measures 
is limited because they emphasize facts or knowledge acquired 
and because only a few areas of study are covered. By nature 
of construction, the general scholastic aptitude tests 
attempt to measure a certain scholastic ability which is appli- 
cable to all fields of study, and consequently it is unlikely 
that special abilities for certain fields of study are to be 
found in this type of measure. Thurstone's Primary Mental 
‘-Abilities Test attempts to measure specific components of 
scholastic ability, but studies have indicated that this test 
still measures general scholastic ability and does not differ- 


entiate for the various fields of study. 
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It is necessary, therefore, to investigate other types 
of measures for special abilities in engineering study. The 
next chapter continues the analysis of prognostic studies in 


engineering for these other measures. 
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CHAPTER III 


MEASURES OF SCHOLASTIC ABILITY IN ENGINEERING PART II 


Continuing the search for special abilities that have 
been defined by engineering prognostic studies, attention is 
now directed to measures of specialized abilities, Since 
this is a relatively new field, the number of studies inves- 
tigating the predictive value of these measures for engineer- 
ing study is somewhat limited, but the results so far achieved 
are significant in that they point toward future possibil- 
ities in special ability measurement. 

First presented in this chapter will be a brief outline 
of the theory of special ability measurement. Following 
this will be a description of two test batteries recently 
developed to measure a group of special abilities, parts of 
which will be compared with other similar special abilities 
tests throughout the chapter, The remainder of the chapter 
will be devoted to an analysis of special ability measures 


for engineering. 


Theory of Special Ability Measurement 


In this section it is evident that the search for engi- 
neering special abilities becomes involved in educational 


aptitude testing, and the reason for this is found in the 
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nature of the construction of specialized educational apti- 
tude tests, In the previous chapter it was noted that gen- 
eral scholastic aptitude tests were developed to measure a 
scholastic ability believed to be necessary for academic 
achievement in all the fields of learning, Parallel to this 
development was the construction of specialized aptitude 
tests which were designed for the purpose of predicting 
achievement in the specific fields of learning. Instead of 
being “omnibus tests" with the purpose of measuring general 
learning power, specialized aptitude tests have been con- 
structed to measure the specific abilities requisite for 
learning in certain areas of study. As Carter points out, 
"Academic abilities are somewhat specialized; the modern trend 
is toward analyzing them into their specialized components ,"+ 
The basic technique in the construction of these 
specialized aptitude tests might be called the "miniature- 
task" technique, or "“task-simulation"” technique, as suggested 
by Crawford and Burnham, Essentially, this method consists 
of presenting a sampling of situations or tasks which are 


similar to the type of activity which will be confronted in 


1. H. D. Carter, "Measurement and Prediction of Special 
Abilities," Review of Educational Research, 17:34, Febru- 
ary, 1947. 

2, A. B. Crawford, and P. S, Burnham, Forecasting College 
Achievement (New Haven: Yale University Press, ighe). 
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the future, This technique has been in use over a period of 
years, particularly in the field of industrial psychology, 
and great progress was made in the use of the technique for 
the construction of the specialized aptitude tests for the 
Armed Services. Only recently has the technique been used 
for specialized aptitude tests in education. 

The specialized aptitude tests in education which use 
the "miniature-task" technique provide a fruitful source for 
analyzing special abilities since certain special abilities 
are required in the performance of the miniature tasks pre- 
sented in the tests. Carter suggests that the criteria for 
defining these special abilities include "evidence regarding 
the reliability and validity of measurement as well as inde- 
pendence from ‘general intelligence’ ."? This study therefore 
intends to investigate the various specialized aptitude tests 
in the first place to determine what special abilities are 
measured and in the second, to determine the predictive 
value of these tests for engineering in order to ascertain 
the degree to which these abilities are necessary for engi- 


neering study. 


3, H. D. Carter, "Measurement and Prediction of Special 
Abilities," Review of Educational Research, 17:33, Febru- 
ary, 1947. 
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Yale Educational Aptitude Battery 


One of the first test batteries developed to measure a 
certain group of special abilities was the Yale Educational 
QD Aptitude Battery. The theoretical considerations in the 
development of this test battery and a more complete descrip- 
tion of the battery can be found in Crawford and Burnham," 
Since parts of the Yale Battery will be referred to pores 
out the rest of the study, a description of each section will 


be given at this time. 


Test I. Verbal Comprehension 


a, Paragraph comprehension - Consists of a series of 
paragraphs in which one word destroys the meaning 
of the paragraph. The student is required to 
select this word. Determines indirectly the stu- 
dent's comprehension of the central thought. 


b. Word-relations section - Student is required to rec- 
ognize antonyms and parts of speech applying to words 
whose parts of speech are given. 

c. A test of the student's ability to recognize synonyms 
of given words, 

Test II. Artificial Language 
Student is supplied with a set of language rules and 
r an artificial language vocabulary. In Parts I and IT, 
student refers to given rules and vocabulary. 


Part I - Student is required to translate English words 
and sentences into the artificial language. 


4, A. B. Crawford, and P. S. Burnham, Forecasting College 
- @) Achievement (New Haven: Yale University Press, ihe). 
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Part II - Student translates sentences in artificial 
language into English, 


Part III - Student must rely on memory of rules and 
vocabulary previously presented, It is a good test 
of the student's ability to remember and apply what 
he has recently studied. 


Test III, Verbal Reasoning 


Part I. Logical Inferences, Student is presented with 
a statement of fact and a conclusion from the statement 
of fact, Student is then required to select one of 
five possible judgments which applies to the conclusion, 


Part II. Interpretation of Experiments, Student is 


presented with the data of an experiment and an inter- 
pretation of the experiment. Student is required to 
select one of five possible judgments which applies to 
the interpretation, 


“Test Iv. Quantitative Reasoning 


Part I - Student is presented with a series of para- 
graphs containing sets of data illustrating mathemat- 
ical principles, Student is required to discover and 
apply the principle underlying each set of data. 


Part II - Student is presented with various number series 
and is required to select from a given set of numbers 
the one which applies to each series, . 


Part III - Student is given symbolic relationships and 
is required to draw conclusions from them, 

Test V. Mathematical Ingenuity 

Part I - Student is presented with an algebraic expres- 
sion or series of expressions, and is required to 


solve for one unknown quantity. 


Part II - Student is required to translate a verbal 
statement into an algebraic equation, 
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Test VI. Spatial Visualizing 

Part I - Student is presented with various sets of cubes 
and is required to count the cubes which fulfill 
certain specifications. 

Part II - Student is presented with drawings of two 

2B orthographic views of an object and is required to 
select from four suggested views the one which applies 
to the given set of two. 

Part III - A number of irregularly shaped figures are 
presented and the student is required to recognize 
combinations of various patterns. 

Test VII. Mechanical Ingeuity 
? 7 Part I - Drawings of mechanical devices are presented 
and the student is required to recognize and apply 


the principles involved. 


Part II - Student is required to solve a number of 
elementary problems in kinematics. 


Pre-Engineering Inventory 


Another special abilities test battery using the "task- 
simulation" technique is the Pre-Engineering Inventory, which 
was developed as a joint project of the Engineers’ Council for 
Professional Development, The American Society of Engineering 
Education, and the Carnegie Foundation for the Advancement of 

9 Teaching, Parts of this test bist dey will be referred to 
throughout the rest of this study, and therefore a description 


of the battery will be given at this time. 
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Test I. General Verbal Ability 


I A - Student is presented with words used in phrases 
and is required to select the correct synonym for 
each given word. 


II B - Reading passages are given and the student is 
required to determine the meaning of words in a par- 
ticular context, comprehend the central thought of a 
paragraph, and draw conclusions from a paragraph. 


Test II. Technical Verbal Ability 


Student is presented with words found in the reading 
material of science and mathematics and is required to 
recognize the meanings of these words, 


Test III. Comprehension of Scientific Materials 


III A - Several technical reading passages are presented 
and the student is required to comprehend the meaning 
of the passage and to interpret the passage in the 
light of previous training in science and mathematics. 


III B - Student is required to interpret the meaning of 
given tables, graphs, and drawings of a technical 
nature. 


Test IV, General Mathematical Ability 


IV A - Student is required to solve algebraic formulas, 
solve verbal problems, translate verbal expressions 
into algebraic formulas, interpret geometric figures, 
and perform indicated mathematical operations. 


IV B - Student is required to use his mathematical ingenu- 
ity in interpreting certain dimensioned drawings, 
tables, reading passages, and graphs. 


Test V. Comprehension of Mechanical Principles 
Various mechanical devices are presented and the student 


is required to comprehend the principles in the opera- 
tion of these devices. 


eee ee A ee See 
aie ET ad Th hh FRETS ie 
Peep LU NS) te) AL ee nth eo aateee Wehe. *S ; he 
bor. Sur re ? id ¥ e a) en a mee fy . 
ie f F feet } as Obed 
t 4 F \ A ¥ ek te e i ~ 
s : : rae ‘I 
i 
ye 1 = a 
uve Wi MteT ele 
J i 
A \ ; 
a a a 3 a CF > j 
writida Ladte) Lererted ad not 
- fri inn) 2 ee ee if be Y Ts os te oe pp aby EF Bh 
Sensing al fees, aricy & ar Fong ei gdoaeinsa -~ AT | 
TOt mgsontyae Jaerion edd Foatoe of se at ra 
ftow eve tn dove 
besa s nevin ane eegranaa mitbeet - € IT 
ery at efiow to gcthoagen ed’ extarreteb. of Dexioper 
ee : L § ne Beye eh ; pHa & ri KD es Ketiros ~atioot?d 
rey 8 inteTt agcolayrlonoe Werth toa .deereerag 
ytitids Ladtev fee TL tact 
eer as aoiw edit at teedesrg — - 
ot beriirpor 4 8 solvemedtam Mra sometoe To Initetag 
, Da eae a Si q a s Rigid y Cet eee % AP g er rr Ly yo aay 
a q ofticmel a aot to  .TIT tee 
X 3 = id } Le ers P| £ 9 mri i “a | SrOV Ga a K. Tit 
it Dtedexgwoo of Barri et trehova off bie 
2 L E s j ur } 2 d t 
mactvom BLS eotrearlee win tia fs 
Ext it cerares it Berr Til 
' vt. + fe ‘fF Vy P ’ 


YiilidgsA Laeoltmmeds am 


Lister ot [STGeRis avios o¢ Hatisnpe % 4 ad teebuts > A VI 


Se ab bine yh as init 
eur 7 ty ", 9 wh i " , kab on ‘remerg rr 
, s+ 4 , Las Pia L ef po oe a Bei) a 


7 " ret es 
acoitetego isotreneditas Sb stagkinek 


& 


(ens LOL eee ca al ey ON bexviny oe af tite! St pes 


errwerh Gente econ tlatieas gattengre “on 
peices bos aeoy ea Thne’ contend Ling 
ae tint Laoltniatoe® ‘to oo lemecertamnsd ai taoT 


insite edt bes hetuseeng ott seatved laetiaacoun wrote 
-etego add at selqtoning eft bredergaes of Dotivpest at. 
eeotvel oredt to molt | 


a 7 

¥ » 

? os 

A F f 

s ie | i i 

f 4 i ihe 

a , " is he's be ke 
j ty Dw 

. | ‘ : » ; - 

r i 

nine am vy 

4 if Bi > s 
; Morea 

> A A 
i ¥ ery avct = ; f 
seer ioe i 
¥ Hr, F Fi 
ce Pp ry : ¥ 
\ ; 
1 } 
x ¥ ins ve 
wa! Se boyy, y 


45 


Test VI. Spatial Visualizing Ability 


VI A - Two orthographic views of an object are given and 
the student is required to select the third view. 


VI B - Student is presented with a drawing of a cube 
having markings on the visible faces and is required 
to identify the same cube turned in a different posi- 
tion among a set of cubes. 

Test VII. Understanding of Modern Society 
VII A - Student is required to answer questions of a gen- 
eral nature concerning various institutions, business, 
labor, and governmental functions in American democ- 
racy. 
VII B - Student is required to determine the meaning and 


implications of certain reading passages on current 
topics. 


Mechanical Ability 


The first of the special abilities considered is mechan- 
ical ability, This ability has long been closely associated 
with the field of engineering and has been considered an 
important factor in engineering academic success, As a result, 
several tests have been developed to measure this particular 
ability, and a number of studies have investigated the 
relationship between these tests and engineering scholarship. 
Table VIII summarizes the relationships between scholastic 
achievement in engineering and various tests of mechanical 


ability which were determined by the following four studies: 
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TABLE VIII 


SUMMARY OF CORRELATIONS BETWEEN VARIOUS TESTS OF MECHANICAL 
ABILITY AND ACADEMIC SUCCESS IN FRESHMAN ENGINEERING 
OBTAINED BY FOUR PREDICTIVE STUDIES 


Name of lst Sem. 2nd Sem. No. of 
Author Test Used r F Cases. 
Brush Minn, Assembly Test** no do 104, 
Brush O'Connor No.5(Wiggly Block)** 281 104, 
Brush O'Connor No. 72 (Dividers)** 154 104 
Brush Cox Mechanical Explanation 323 104 
Brush Cox Mechanical Completion .390 104 
Brush Cox Mechanical Models 425 104 
Brush MacQuarrie Mechanical Ability .2h9 10}, 
Brush Cox Mechanical Completion 364 77-160 
Brush Cox Mechanical Models 403 77-160 
Holcomb & 
Laslett MacQuarrie Mechanical Ability 48 -- 
Holcomb & Steinquist Mechanical 
Laslett Aptitude No. l . rahe, -- 
Holcomb & Steinguist Mechanical 
Laslett Aptitude No. 2 43 -- 
Holcomb & Steinquist Assembly Test 
Laslett No. 1 She! -- 
Laycock & 
Hutcheon Cox Mechanical Models .16 -- 
Laycock & 
Hutcheon Cox Mechanical Diagrams 14 oo 
Vaughn PEI* Mechanical Principles « FORK ~e 
Vaughn Yale Mechanical Ingenuity . 307 643 


*Pre-Engineering Inventory 
**Individual tests 
***Median correlation of ten colleges of engineering 
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Brush, Holcomb and Laslett, Laycock and Hutcheon, and Vaughn .? 
An analysis of the tests listed in Table VIII indicates 
that they may be classified into two broad categories accord- 
ing to the nature of abilities required, Such tests as the 
Minnesota Assembly Test, O'Connor No. 5 (Wiggly Block), 
O'Connor No. 72 (Dividers), and Steinquist Assembly Test 
may be considered as manipulative tests because they require 
the handling of certain objects. Tests such as the Cox 
Mechanical Explanation, Cox Mechanical Completion, Steinquist 
Mechanical Aptitude No. 2, PEI Mechanical Principles, and 
Yale Mechanical Ingenuity may be classified as mechanical 
comprehension tests. Comparing the correlations obtained by 
the studies in Table VIII for these two groups of tests, it 
is found that the median correlation for the manipulative 
tests is .22 and for the mechanical comprehension tests, .39. 


This would indicate that tests which attempt to measure the 


5. E.N. Brush, "Mechanical Ability as a Factor in Engineer- 

| ing Aptitude," The Journal of Applied Psychology, 25:306-07, 
June, 1941. 

G. W. Holcomb, and H. R. Laslett, "A Prognostic Study of 
Engineering Aptitude,” The Journal of Applied Psychology, 
16:112, April, 1932. 

S. R. Laycock, and N. B. Hutcheon, "A Preliminary Inves- 
tigation into the Problem of Measuring Engineering Aptitude," 
The Journal of Educational Psychology, 30:284, April, 1939. 
K, W. Vaughn, "The Yale Scholastic Aptitude Tests as . 
Predictors of Success in the College of Engineering,” The 


Journal of Engineering Education, 34:576, April, 1944. 
K. W. Vaughn, “A Proposed Engineering Aptitude Test for 


High School Students," The Journal of Engineering Education, 
38:119, October, 1947. 
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ability to comprehend mechanical principles and Paleetone 
ships show definite promise of becoming an important factor 
in engineering academic success. Scores on the manipulative 
tests would tend to have lower correlations with scholastic 
achievement in engineering since these tests measure manual 
dexterity as well as mechanical insight, 

Three of the tests included in Table VIII were not clas- 
sified into the two groups just discussed. One of these is 
the MacQuarrie Test for Mechanical Ability. In the strict 
sense of the word, this test is not a manipulative test since 
it is a paper and pencil test and no objects are handled. 
However, the test does give an indication of a person's apti- 
tude for acquiring manipulative skills and it measures to 
some extent the ability to recognize space relations, speed 
of decision and of movement, hand and eye coordination, 
muscular control, and visual acuity.© There are seven sub- 
tests which consist of such tasks as tracing, tapping, 
dotting, copying, location, blocks, and pursuit. It is inter- 
esting to note the discrepancy in the results obtained by 
Holcomb and Laslett (r = .48) and Brush (r = .249) with the 
MacQuarrie Mechanical Ability Test. From the nature of the 


test it would seem that the result obtained by Brush is 


6. W. V. Bingham, Aptitudes and Aptitude Testing (New York: 
Harper and Bros., 1937), PP. 314-15, 
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closer to being true, 

The exact nature of the Cox Mechanical Models Test could 
not be determined by the writer from various reports on this 
test. Ten wooden models are involved in this test, and it is 
believed that the proctor handles each wooden object, If 
such is the case, this test could be classified as a mechan- 
ical comprehension test. There is doubt as to the validity 
of the Cox Mechanical Models Test since Brush obtained a cor- 
relation of .403 and Laycock and Hutcheon found a correlation 
of .16. The small number of cases involved in each of these 
studies may account for some of the discrepancy. Most reports 
on the Cox Mechanical Models Test agree that the instructions 
for administering this test are quite complicated, and this 
fact may also contribute to the wide discrepancy found in the 
results of these two studies. 

Another unclassified test is the Steingquist Mechanical 
Aptitude Test No. 1, one of the pioneer tests in this field. 
This test is not a manipulative test, nor does it attempt to 
measure comprehension of mechanical principles and relation- 
ships. The test consists of ninety-five He anes in which 
the task is to match pictures of common tools and mechanical 
contrivances, This would measure the ability to preceive the 
operational uses of certain tools and mechanical devices, and 
this ability would depend to a certain extent on familiarity 


with these tools and devices, It is interesting to note the 
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comparison of .the Stenquist Mechanical Aptitude Tests No. l 
(r = .15) and No. 2 (r = .43) made by Holcomb and Laslett, 
The Stenquist Mechanical Aptitude Test No. 2 contains ques- 
tions about pcitures and diagrams of machines and machine 
parts which presumably call for keen perception of mechanical 
relations and ability to reason about them.! This test would 
be classified as a mechanical comprehension test and under- 
standably would have a higher validity coefficient than the 
Stenquist Mechanical Aptitude Test No, l. 

The results of the studies on mechanical ability show 
that tests which measure this ability are a factor in engineer- 
ing academic achievement although the validity coefficients 
are low. Tests which purport to measure the ability to 
preceive mechanical relationships and understand mechanical 
principles show the best promise, Since the predictive value 
of these tests are limited, there is need for study of the 
diagnostic value of these tests of mechanical insight to de- 
termine the BEA of understanding necessary for 
engineering study and to determine which courses in the engi- 
neering curriculum are best predicted by measures of mechan- 


ical ability. 


7. W. V. Bingham, Aptitudes and Aptitude Testing (New York: 
Harper and Bros., 1937, p. 320. 
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Spatial Visualizing Ability 


Ordinarily, aptitude for dealing with spatial relations 
is ponutasced a factor of mechanical intelligence, In most 
of the tests of mechanical ability just discussed, some degree 
of spatial visualizing ability is measured, However, a nun- 
ber of tests have been developed for the specific purpose 
of measuring this special ability, and therefore these tests 
deserve consideration as a separate factor in engineering 
academic success. 

In Table IX are the results of validity coefficients 
obtained by four studies using various spatial relations 
tests. The studies summarized in this table are those by 
Berdie, Brush, Laycock and Hutcheon, and Vaughn 8 

Of the above group of tests, the Minnesota Spatial Rela- 
tions Test shows the lowest correlation. This test is admin- 
istered individually, and consists of four standard form- 


boards, out of each of which have been cut fifty-eight pieces 


8. R. F. Berdie, "The Prediction of College Achievement and 
Satisfaction," The Journal of Applied Psychology, 28: 2h2, 
June, 1944, 

E. N. Brush, "Mechanical Ability as a Factor in Engineer- 
ing Aptitude,” The Journal of Applied Psychology, 25: 306-07. 
S. R. Laycock, and N., B. Hutcheon, "A Preliminary Inves- 
tigation into the Problem of Measuring Engineering Aptitude," 
The Journal of Educational Psychology, 30:284, April, 1939. 
K, W. Vaughn, "The Yale Scholastic Aptitude Tests as 
Predictors of Success in the College of Engineering," The 


Journal of Engineering Education, 38:284, 576, October, 
1947. 
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TABLE IX 
SUMMARY OF CORRELATIONS BETWEEN VARIOUS TESTS OF SPATIAL 


VISUALIZING ABILITY AND. ACADEMIC SUCCESS IN FRESHMAN 
ENGINEERING OBTAINED BY FOUR PREDICTIVE STUDIES 


Name of lst Sem. 2nd Sem. No. of 

Author Test Used. . r My Cases 
Berdie Minn, Paper Form Bd. be 22 154 
Brush Minn, Paper Form Bd.* 420 104 
Brush Minn, Spatial Relations* 064 104 
Brush | Minn, Paper Form Bd. {175 77-160 
Laycock & | 

Hutcheon British Form Relations 625 14h 
Vaughn PEI Spatial Visualizing . I5** -- 
Vaughn Yale Spatial Visualizing 385 643 


* Individual Test. 


**vedian correlation of ten colleges of engineering. 
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of different forms and sizes, The task is to put each of 
these pieces in its proper space. The test therefore proposes 
to measure speed and accuracy in discriminating sizes and 
shapes, Since the test is a manipulative one, the factor of 
manual dexterity is inherent and the test would naturally 
have a low correlation with scholastic achievement for 
reasons just previously discussed in connection with mechan- 
ical ability. 

The Minnesota Paper Form-Board Test and the British Form 
Relations Test are of the same variety of space relations 
tests. The Minnesota Paper Form-Board Test consists of 
problems in which irregular figures are presented and the 
student is required to select from a group of accompanying 
figures the one which embodies the original irregular figures. 
The British Form Relations Test consists of drawings of 
squares or cubes with certain portions cut out and the student 
is required to select from a number of drawings the ones which 
will fit into the missing portions of the squares or cubes, 

In Table IX the validity coefficients of Berdie, Brush, and 
Laycock and Hutcheon are in the neighborhood of .20, which is 
rather low. In addition, Brush found that the individual 
form of the Minnesota Paper Form-Board Test had a substantially 
higher validity coefficient, 

The spatial visualizing tests of the Yale Scholastic 
Aptitude Tests and the Pre-Engineering Inventory have been 


previously described, and it should be pointed out here that 
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they are a departure from the paper form-board type. Both 

of these tests contain a section in which the student is 
required to visualize in terms of orthographic representation 
of an object. It is evident that an effort has been made to 
measure those spatial visualizing abilities which more closely 
correspond to those actually used in certain engineering 
subjects as engineering drawing and descriptive geometry. The 
result of this effort is shown in the fact that the validity 
eestriciente of these two tests are markedly higher than 


other spatial relations tests, 


Special Verbal Abilities 


At first consideration it may seem that a discussion of 
special verbal abilities overlaps the previous discussion of 
achievement tests in English, The English achievement tests 
studied in the previous chapter and summarized in Table VI 
were limited primarily to the mechanics of English usage, such 
as spelling, vocabulary, punctuation, grammar and diction, 
capitalization, and sentence structure, Attempts have been 
made recently to construct verbal tests which emphasize such 
special abilities as comprehension, reasoning, and interpreta- 
tion of certain reading material. The validity coefficients 
of some of these special verbal abilities tests are summarized 
in Table X. The studies used in this table are those 


made by Feder and Adler, Holcomb and Laslett, and 
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TABLE X 


SUMMARY OF CORRELATIONS BETWEEN TESTS OF SPECIAL VERBAL 
ABILITIES AND ACADEMIC SUCCESS IN FRESHMAN ENGINEERING 


Name of lst Sem. 2nd Sem. No. of 
Author Test Used “s r Cases 
Feder & 
Adler Iowa Silent Reading Nag .50 99 
Holconb & 
Laslett Towa Silent Reading 40 -- 
Vaughn Yale Verbal Comprehension eas) TeG 
Vaughn PEI General Verbal . 38% -- 
Vaughn PEI Technical Verbal J4T* . -- 
Vaughn PEL Scientific Materials Pu -- 


“ : ' 
Median correlations of ten colleges of engineering, 
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Vaughn, 7 

For the particular group of special verbal abilities 
tests in the above table, the median correlation was computed 
to be AT; which exactly corresponds to the median correlation 
computed for the achievement tests in English summarized in 
the previous chapter. This might be construed to mean that 
the special verbal abilities tests are no improvement over 
the English achievement tests. Further analysis of these 
verbal abilities tests might produce results that show 
promise. 

The test having the lowest validity coefficient in 
Table X is the Yale Verbal Comprehension Test. Close analysis 


of the nature of this test reveals certain possible weaknesses 


which could explain its low validity coefficient with engi- 


neering achievement. In the first section of this test, the 
student's comprehension of the central thought of a paragraph 
ig determined indirectly by the choice of one word which 


destroys the meaning of the paragraph. In such a situation 


9. D. D. Feder, and D. L. Adler, "Predicting the Scholastic 
Achievement of Engineering Students," The Journal of Engi- 
neering Education, 29:381, January, 1959. 

G. W. Holcomb, and H. R. Laslett, "A Prognostic Study of 
Engineering Aptitude," The Journal of Applied Psychology, 
16:112, April, 1932. 

K. W. Vaughn, "The Yale Scholastic Aptitude Tests as Pre- 
‘dictors of Success in the College of Engineering," The 
Journal of Engineering Education, 34:576, April, 194}. 

K. W. vaughn, "A Proposed Engineering Aptitude Test for 


High School Students,” The Journal of Engineering Education, 
38:119, October, 1947. 
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the student is required to determine a certain consistency of 
thought in a paragraph which may not indicate the student's 
ability to comprehend and interpret the meaning of the para- 
graph. The remaining two sections of the test consist of 
verbal analogies and word recognitions which are types of 
items found in general scholastic aptitude tests or general 
intelligence tests, This would weight the Yale Verbal Com- 
prehension Test heavily with general scholastic ability items, 
and would tend to make the correlation low with engineering 
academic success, as previously discussed in connection with 
general scholastic ability tests. 
The General Verbal Ability Test of the Pre-Engineering 

Inventory shows the next lowest validity coefficient in 
Table X. As previously noted, this test contains a section 
on recognition of word meanings and another section on com- 
prehension of selected reading passages. HEighty-one per cent 
of this test consists of word meanings and the rest of it is 
verbal comprehension. Therefore this test is heavily weighted 
with general vocabulary items and would tend to have a low 
validity coefficient with engineering scholastic achievement. 

| The Technical Verbal Ability Test of the Pre-Engineering 
Inventory is likewise a vocabulary test, but it attempts to 
measure the student's ability to recognize meanings of 
technical words found in the reading material of science and 


mathematics, This test combined with the Comprehension of 
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Scientific Materials Test of the Pre-Engineering Inventory 
indicates a different approach to measuring verbal abilities 
in engineering, In these two tests, verbal abilities are 
considered to be specifically related to the nature of the 
content material used, and therefore the material for these 
tests is drawn from the course content in engineering. The 
increase of the validity coefficients for these two tests over 
the General Verbal Test would tend to ba ais their approach 
to measuring verbal abilities in engineering, and further 
study of their approach might lead to more significant results. 

Table X also shows that relatively high validity coeffi- 
cients are obtained through ae of the Iowa Silent Reading 
Test although there is a discrepancy in the results obtained 
by Feder and Adler (r = .57, .50) and Holcomb and ‘Laslett 


(r = .40). This discrepancy is probably due to the small 


‘samplings involved and to the variations found prevalent 


among various colleges and universities, This test consists 
of five parts, Part I contains items involving the meaning 

of paragraphs taken from science and literature. Part II is 

a vocabulary test consisting of words drawn from the subject 
areas of social science, science, mathematics, and English. 

In Part III the student is required to select the central idea 
of a paragraph and to outline the paragraph organization. 

Part IV is a sentence meaning test, Part V measures the 


student's ability to locate information, to use an index, and 
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to select key words, It is evident from this brief descrip- 
tion that the Iowa Silent Reading Test attempts to measure 
certain ic tees verbal abilities in specific kinds of 
reading material. 

A further interesting analysis may be made by comparing 
the validity coefficients of the PEI Comprehension of Sci- 
entific Materials Test (r = .55) and the achievement tests in 
physics and chemistry summarized in Table V of the previous 
chapter (median r = .54). Practically the same subject matter 
is covered by these tests, but a different approach is used 
by the PEI test. It is evident that there is very little 
difference in the predictive value of these two types of tests. 
The value of the PEI Comprehension of Scientific Materials 
Test over the science achievement tests will have to be 
determined on the basis of differential prediction, which will 


be discussed later in this chapter. 


Quantitative Reasoning and Interpretation 


There have been recent attempts to measure aspects of 
mathematical ability other than the ability to solve the usual 
textbook exercises Sed piesa the majority of items found 
in mathematics achievement tests, The more recent mathematical 
ability tests attempt to measure the student's ability to 
reason and interpret quantitatively in given problem situations 


rather than to measure only the student's skill in manipulating 
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mathematical symbols and numbers. Studies using tests of 
quantitative reasoning and interpretation in connection with 


predicting engineering academic success are few in number, 


and their results are summarized in Table xr, 10 


The Iowa Mathematics Placement Test was one of the first 
to break away from the straight achievement-type of test in 
mathematics. The first section of this test, called Mathe- 
matics Training, is an achievement type of test containing 
items in arithmetic, algebra, geometry, and algebraic formula- 
tion, The Mathematics Aptitude section of this test, however, 
consists of the following parts: 


Part I - Student is presented with various number series 
and is required to determine the principle involved 
and apply it. 


Part II - Student is required to solve verbal exercises 
of various types. 


Part III - Student is asked to determine the true and 
false conclusions from given hypotheses, 


Part IV ~ Student is required to match bracketed phrases 
of a given passage in mathematics with questions on 
the passage. 


10, Results in this table are drawn from the following studies: 
A. Dvorak, and R. C. Salyer, "Significance of Entrance 
Requirements for the Engineering College at the University 
of Washington," The Journal of Engineering Education, 
23:620, April, 1933; D. D. Feder, and D, L. Adler, op. cit., 
p. 381; H. H. Remmers, and H. E. Geiger, "Predicting 
Success and Failure of Engineering Students in the School 


of Engineering in Purdue University," Purdue Universit 
Studies in Higher Education, 38:17, May, 1940; Vaughn, 
Op. cht? “ppeveot, FTO. 
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TABLE XI 


SUMMARY OF CORRELATIONS FOUND BY VARIOUS STUDIES 
BETWEEN TESTS OF QUANTITATIVE REASONING AND 
“INTERPRETATION AND ACADEMIC SUCCESS IN 
FRESHMAN ENGINEERING 


er 


Name of lst Sem. 2nd Sem. No. of 
Author Test Used r r Cases 
Dvorak & ; 
Salyer Towa Math, Placement YOTE -- 
Feder & 
Adler Towa Math, Placement 72 69 8-99 
Remmers 
& Geiger Iowa Math, Placement 687 1087 


Vaughn PEI General Math, Ability  .62* -- 


Vaughn Yale Quantitative Reasoning 504 643 
Vaughn -Yale Math, Aptitude 513 643 


x 
Median correlation of ten colleges of engineering. 
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The Mathematics Aptitude section of the Iowa Mathematics 
Placement Test is an early attempt to explore various factors 
in mathematical ability, and the validity coefficients of 
this test are among the highest reported in Table XI. If the 
studies using this test had reported separate validity coeffi- 
cients for each section, a more significant analysis could 
have been made, 

The two Yale Tests of Quantitative Reasoning and Mathe- 
matics Aptitude afford an interesting comparison, The Yale 
Mathematics Aptitude Test is primarily an algebraic achieve- 
ment test since it consists of solving for unknowns in 
algebraic equations and writing formulas from verbal state- 
ments, The Yale Quantitative Reasoning Tests consist of tasks 
requiring the discovery of principles in mathematical data 
and the drawing of conclusions from given quantitative rela- 
tionships. These tasks are quite similar to those required 
in the Mathematics Aptitude section of the Iowa Mathematics 
Placement Examination. The achievement-type test shows a 
validity coefficient of .513 and the quantitative reasoning 
type of test has a validity coefficient of .504. These two 
types of test have about the same predictive value and their 
validity coefficients are the lowest reported in Table XI 
when considered separately. The combination of the two Yale 
tests which would result in a similar type test as the Iowa 


Mathematics Placement Examination would probably have a 
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validity coefficient about the same as that of the Iowa test, 
The previous description of the General Mathematical 
Ability Test of the Pre-Engineering Inventory reveals that 
this test contains a section of achievement-type items and a 
section of quantitative reasoning and interpretive type of 
items. Combination of the two sections results in a validity 
coefficient of .62, which is only slightly lower than that 


generally obtained for the Iowa Mathematics Placement Examina- 


tion, 


The median of the correlations listed in Table XI is 
found to be .62, which is somewhat higher than the median 
correlation (r = 52) obtained in Table IV for the mathematics 
achievement tests. This would indicate that the inclusion of 
items which measure the ability to reason and interpret 
quantitatively results in an increase in predictive value of 


mathematics tests. 
Differential Predictive Value 


Differential prediction is primarily the prediction of 
relative achievement in different subjects or groups of sub- 
jects. In addition to predicting general achievement in 
college, differential prediction attempts to determine in 
what subject area a student is most likely to do his best 
work, According to Crawford and Burnham, differential pre- 


diction implies two basic assumptions: (1) That different 
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types of thinking ability are required for successful achieve- 
ment in different subject areas; (2) that there is usually 
variation in the levels of these abilities for each individ- 
eaigtt 

Certain difficulties have been encountered in differ- 
ential prediction including the unreliability of college marks, — 
differences in departmental standards and procedures and 
varying levels of ability of students who are attracted by. 
different dopertabatante In spite of these and other diffi- 
culties, a certain amount of progress has been made in differ- 
ential prognosis. 

In general, two methods have been used to determine the 
differential predictive value of a test. The first method is 
by correlation analysis. Coefficients of correlation are 
computed for the test in the various subject areas. If the 
test has a high validity coefficient for one subject area 
and markedly lower validity coefficients for the other areas, 
then the test has differential predictive value for that 
subject area. 


The second method may be called a bi-modal distribution 


11, A. B. Crawford, and P. S. Burnham, Forecasting College 
Achievement (New Haven: Yale University Press, 196), Pave 
12, A. C, Eurich, and L. F. Cain, "Prognosis," Encyclopedia of 
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Educational Research (New York: The Macmillan Co., 1941), 
pie O52. 
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analysis. The test is administered to groups of students who 
have demonstrated successful achievement in their subject 
area. major; for example, engineering majors and liberal arts 
majors. If the average test score for the engineering group 
is significantly different from the average score of the 
liberal arts students or other groups of students, then the 
distribution of test scores would be bi-modal in nature and 
the test would be differentiating engineering students from 
the rest of the acoaunias 

A differential predictive analysis has been made for the 
two test batteries described earlier in this chapter, the 
Yale Educational Aptitude Battery and the Pre-Engineering 
Inventory. Crawford and Burnham made a correlation analysis 
to determine the differential value of the Yale tests, and 
their results are summarized in Table XII, 

Underlined in Table XII are the validity coefficients 
for the tests with appropriate criteria. The verbal section 
of the Scholastic Aptitude Test has higher validity coeffi- 
cients for English and history whereas the Verbal Reasoning 
Test has higher validity correlations for physics. Both 
tests therefore have differential value. The Mathematical 
Aptitude Test tends to differentiate both physics and 
mathematics from the other subjects. Since physics is dif- 
ferentiated by two tests, this would indicate that physics 


requires certain special abilities measured by the Verbal 
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TABLE XII®@ 


APTITUDE TESTS ADMINISTERED TO YALE FRESHMAN 
CLASSES OF 1944 AND 1945 


lst Term 

Course Class 
General 1944 
Average 1945 


English & 1944 


History 1945 
Physics 1944 
1945 


Mathematics 1944 


1945 


Engr, Draw. 1944 


1945 
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Reasoning Test and Mathematical Aptitude Test. Engineering 
Drawing is likewise differentiated from the other subject 
areas by two tests, the Spatial Visual Test and the Mechanical 
Ingenuity Test. In this type of analysis, it is soon evident 
that the important consideration is the relative differences 
in validity coefficients for each test with the various 
subject areas. If-a test has an outstanding validity coeffi- 
cient with a certain subject area while the coefficients are 
relatively low for the other areas, then the test has differ- 
ential value. 

Table XII also reveals that two tests of the Yale Battery 
failed to differentiate for the suhject areas considered. 
The Artificial Language Test understandably does not discrim- 
inate among the subjects listed because the nature of its 
construction would indicate that the test has possible differ- 
entiating value for foreign language which is not included in 
the table. Not ae clear is the reason why the Quantitative 
Reasoning Test does not discriminate among the subjects listed. 
Crawford and Burnham found that this test had a somewhat 
higher correlation with mathematics and engineering drawing 


13 


combined. This would indicate that certain quantitative- 


spatial factors are being measured by this test. The test 


13. A. B. Crawford, and P. S, Burnham, Forecasting College 
Achievement (New Haven: Yale University Press, ight), 
Pi GL. 
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also contains items which are found tn teste of general 
scholastic ability, such as number series and symbolic rela- 
tionships. Further study and analysis are needed to deter- 
mine the type of items which would increase the discriminat- 
ing power of the test. 

Vaughn made a further correlation anaylsis of the Yale 
Educational Aptitude Battery in connection with engineering 


14 mhree 


students from four institutions of higher learning. 
classifications of courses were adopted: 


1. Cultural subjects - English, history, social science, 
economics, speech, and other socio-humanistic courses. 


2, Scientific subjects - Mathematics, physics, and 
chemistry. 


3, Engineering subjects - Engineering drawing, descrip- 
tive geometry, engineering problems, and similar pre- 
professional subjects. 

Table XIII summarizes the results found in this study. 

Underlined in this table are the validity coefficients 

which indicate the discriminatory power of the tests. Compar- 
ison of the verbal section of the Scholastic Aptitude Test 
with the Quantitative Reasoning Test relative to cultural 


courses is an excellent example of how a differential analysis 


works, Table XIII reveals that the Quantitative Reasoning 


14, K.W. Vaughn, "The Yale Scholastic Aptitude Tests as 
Predictors of Success in the College of Engineering," 


The Journal of Engineering Education, 34:572-82, April, 
19 ° 
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TEST xII1? 


SUMMARY OF CORRELATIONS OF YALE APTITUDE TESTS 
WITH ACHIEVEMENT IN FRESHMAN COURSES 


LT 


Cultural Scientific Engineering Freshman 


Courses Courses Courses Average 

Tests N r N % N r N r 
TOS CSATO205002398" “220°"2299 116 .059 120 .310 

II RLPO8595°9 .556°° “641? 62553 610.238 643.363 
III. QRT 595 .434 641 .483 610. <9553 643.504 
IV SVT 595 .236 641 .364 610*e¢ 4171 643 .385 
VPP LOMATI15 95 LS . SEFAOCENE -W2509 610 .387 645.513 
Vicblemrrl.595is¢1S9e, 6h 3512 610 .269 643 .307 


a 
Adapted from Vaughn, "The Yale Scholastic Aptitude Tests 
as Predictors of Success in the College of Engineering, " eed Te 


SAT -- Scholastic Aptitude (verbal) 
ALT -- Artificial Language 

QRT -- Quantitative Reasoning 

SVI -- Spatial Visual 

MAT -- Mathematical Aptitude 

MIT -- Mechanical Ingenuity 
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Test has a higher validity correlation (r = .434) with cul- 
tural ey than does the Scholastic Aptitude Tests (r = .398). 
It is further revealed, however, that the Quantitative Reason- 
ing Test has an equally high validity coefficient for sci- 
entific courses, and therefore this test has no particular | 
differential value. Although the celeste Aptitude Test 
(Verbal) has a relatively lower validity correlation with 
cultural courses, the correlation is higher than the corres- 
onding correlations for the other subject areas, and there- , 
fore this test has discriminating value for cultural: courses. 
The fact that the Scholastic Aptitude Test (Verbal), 
Spatial Visual Test, and Mathematical Aptitude Test have dif- 
ferential value is in accord with the results found earlier 
in Table XII. Likewise, the fact that the Artificial Language 
Test and the Quantitative Reasoning Test have no differen- 
tial value in Vaughn's study agrees with the results of Craw- 
ford and Burnham. The one discrepancy between the two 
studies is the fact that Vaughn's study reveals no differential 
value for the Mechanical Ingenuity Test, This might be due 
to the addition of engineering courses other than engineering 
drawing. The ‘combination of the various subjects in Vaughn's 
study is open to question, particularly the combination of 
mathematics, physics, and chemistry. A more significant 
study would have been made had these subject areas been 


considered separately. 
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Vaughn illustrates the method of bi-modal distribution 
analysis in determining the differential value of the Pre- 
Engineering Inventory ,19 The first three tests of the Pre- 
Engineering Inventory were administered to 1,175 freshman 
students entering in the fall of 1943 at an unidentified 
university. This class was divided into the following groups: 
engineering students, science students, liberal arts students, 
and business or commerical students, Table XIV presents the 
results found by Vaughn. 

The General Verbal Test fails to differentiate one group 
of students from the other groups. The liberal arts students 
have the highest average on this test, but the chances are 
50 out of 100 that a significant difference exists between 
the engineering students and liberal arts students, 

Table XIV reveals, however, that the engineering students 
are differentiated from the other groups to some extent on 
the basis of the Technical Verbal and Scientific Materials 


Tests, These tests do not discriminate very well between 


‘engineering students and science students since there are only 


60 chances in 100 that the differences are significant. 
Likewise the chances are 79 out of 100 that a significant 


difference exists between engineering students and liberal 


15. K. W. Vaughn, "Basic Consideration in a Program of 


Freshman Evaluation," The Journal of Engineering Educa- 
. tion, 35:161-179, Novenber, 194}. 
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TABLE XIV™ 


SUMMARY OF MEANS AND STANDARD DEVIATIONS OF SCORES 
ON THREE PRE-ENGINEERING INVENTORY TESTS FOR 
FOUR GROUPS OF FRESHMEN AT AN 
UNIDENTIFIED UNIVERSITY 


T. General TI. Technical LrLSelentiric 
Verbal Verbal Materials 
Group N M BAD of eM S.D. M Oe 


rr sere apes cena A a A Rt A EE TS 


Engineering 428 39.46 16.22 47.89 16.29 47.97 15.31 
Science 167°) ED he ieid2 45,4 15.46 he l96 15.14 
Liberal Arts 162 42.94 15.91 29,54 16.93 31.75 16.16 


Business #160 taare0ints. howling oot “aighy7e oehelo © 1erdh 


re ns TS 


a, 
K. W. Vaughn, "The Yale Scholastic Aptitude Tests as 
Predictors of Success in the College of Engineering," p. 577. 
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arts students on the basis of these tests. The critical 
ratios do show, however, that there is a significant differ- 
ence at the 5 per cent level between engineering students 
and business students on these tests. 

One weakness in Vaughn's study can be found in the fact 
that the groups of students are formed solely on the basis 
of enrollment in certain schodls or colleges within the uni- 
versity studied. A more significant analysis could have been 
made if the groups were made on the basis of successful 


achievers in the various areas of study. 


Chapter Summary 


In this chapter, the search for special ability measures 
in engineering is taken into studies using specialized educa- 
tional aptitude tests, The construction of these tests is 
based upon the belief that aptitudes are specific as well as 
general, and therefore the content of these tests is primarily 
items which simulate specifically the kinds of tasks likely 
to be met in the pursuit of a certain area of study. By 
amine of their construction, these tests provide fruitful 
sources for special ability analysis, Two aptitude test bat- 
teries, the Yale Educational Aptitude Battery and the Pre- 
Engineering Inventory, were described fully in order to 


indicate the scope of these specialized aptitude tests, 
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Measures of mechanical ability were discussed first in 
connection with engineering achievement. Results showed that 
tests which tend to measure comprehension of mechanical prin- 
ciples and relationships were superior to tests involving 
the manipulation of certain mechanical objects. The correla- 
tions for these tests with engineering scholastic achievement 
were low, which points to the need for further study of the 
diagnostic value of these mechanical ability measures. 

Various tests of spatial visualizing ability were ana- 
lyzed and found to be a factor in engineering study. Tests 
which require visualization in terms of graphic representa- 
tion were found to be somewhat superior to the paper form- 
board type of test. This is probably due to the fact that 
engineering students are called upon to work with graphic 
representations of objects in their courses. 

Next considered were ohne of special verbal abilities 
which emphasize certain special abilities, such as compre- 
hension, reasoning, and interpretation of specific kinds of 
reading material. No particular increase in predictive value 
was found for these tests over the English achievement tests. 
It was later shown, however, that these special verbal abil- 
ities tests have distinct differential value. In the analysis 
of these test, it was found that the tests which contained 
items of a general nature tend to have lower validity coeffi- 


cients, Tests which attempt to measure verbal reasoning and 
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interpretation of technical reading material found in engi- 
neering courses have greater predictive and differential 
value. 

Tests of quantitative reasoning and interpretation have 
been a fairly recent dehotiopanatt in the field of mathematical 
aptitude tests. In connection with engineering study, it 
was found that single tests of achievement and of interpre- 
tation in mathematics have lower correlations than do tests 
which combine the two types of approach, An analysis of the 
quantitative reasoning tests showed that the ones containing 
items of a general nature such as number series and symbolic 
relationships tend to have lower validity coefficients than 
do the tests which require mathematical ingenuity and reason- 
ing in technical data found in engineering study. 

A differential analysis of the Yale Educational Aptitude 
Battery and the Pre-Engineering Inventory indicates that 
specialized aptitude tests have definite possibilities of 
being able to discriminate among the various subject areas 
and groups of students, This analysis also indicates that 
tests which are more specific in their content have greater 
differential value. On the other hand, it was indicated that 
specialized aptitude tests showed no particular gain in 
predictive value over the other types of tests, This might 
be due to the fact that this type of test is relatively new 
in the field of measurement and has not been fully developed 


as yet. 
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Studies that have been investigated up to this point 
have been primarily concerned with the predictive value of 
special ability measures and only a eniriatre explored the 
discriminating value and diagnostic value of these tests. 

® There is a definite need for a more searching analysis of 
these tests to determine more exactly the nature of the spe- 
cial abilities measured by these tests and to derive certain 
principles of test construction which have proven effective 
in order to consolidate the gains already made. Furthermore, 
there is need for a more thorough investigation of the rela- 
tionship between these tests and certain sections of the 
engineering curriculum vathor®than the whole engineering 
curriculum, The rest of this study will attempt to make such 


an anlysis of the Pre-Engineering Inventory in connection 


with engineering scholastic achievement. 
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CHAPTER IV 


DIFFERENTIAL ANALYSIS OF THE PRE -ENGINEERING INVENTORY 


The previous chapter has indicated the nature of differ- 
ential analysis and how it is used in connection with special 
abilities tests. The type of differential analysis made 
here in this study will be the correlation type in which cor- 
relation coefficients are computed between various ability 


measures and different criteria in the engineering curriculum. 


Experimental Groups 


On September 14, 1946 the Pre-Engineering Inventory was 
administered to 1,356 students who enrolled in the College 
of Engineering, University of California at Berkeley, for the 
fall semester, 1946 at the freshman and sophomore levels. 
Of this group, records were obtained on 1,191 erases: and 
for purposes of this study the students are classified as 
follows: : 
1A Freshmen N = 190 

This group consists of students who finished high school 
in June, 1946 and enrolled in the College of Engineering for 


the fall semester, 1946. Median age, eighteen years. 
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1 B Freshmen N = 466 

Included in this group are students who had finished 
high school. prior to June, 1946 and had taken courses at the 
college level but were still classed as freshmen in engineer- 
ing. In most cases, their schooling was interrupted by 
service in the armed forces; however, there were some students 
who took college level training while in the armed forces. 


Median age, twenty-two years, 


1 C Freshmen N = 284 

This group had graduated from high school prior to June, 
1946 but had no previous college experience. Interruption 
due to the recent war is also an important factor for this 


group. Median age, twenty-two years. 


1D Freshmen N = 24 
These are foreign students who registered as freshmen in 


engineering. 


2 A Sophmores N = 227 

This group consists of students taking the examination 
who had previously achieved sophomore standing in engineering 
Sithae prior to or during the war, or both. Median age, 


twenty-three years. 


This study is primarily concerned with the 474 students 


which comprise the 1A and 1C groups. These students may be 
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considered as beginning freshmen in engineering without any 
previous college background. The two groups are kept separ- 
ate because the 1C group is an older and more mature group 
than the 1A group. In order to compare the beginning fresh- 
men with a more advanced group, this study will also consider 
the sophomore group 2A. The 1B freshmen students are 4 
nebulous in-between group and therefore will receive little 
consideration in this study. For obvious reasons, the small 
group of foreign students is eliminated. 

In addition to Eueirreribaa academic records which served 
as a basis for the classification of the students, records 
were obtained which indicated the scholastic achievement of 
the students in engineering during the two academic years of 
1946-47 and 1947-48, The following is a summary of the 
academic status of these students at the end of the second 
academic year, June, 1948: 


Withdrew in Withdrew in Dis- 
Group Continuing Good Standing Poor Standing missed Total 


h h i t 
1A 48.4 23.0 11.2 17.4 100.0 
3 58.0 18.0 9.4 14.6 100.0 
QA 71.4 8.2 10.0 10.4 100.0 


These results indicate what is generally found to be 
true, that the more mature and advanced students tend to be 


more stable, Previous selective factors which have operated 
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in the sophomore group 2 A would insure the fact that a 
higher percentage of this group would still be continuing 
their studies in engineering at the end of two academic 
years. A combination of the continuing students with those 
who withdrew in good standing shows that there is very 
little difference between the 1 A group (71.4 per cent) and 
the 1C group (76 per cent). This would indicate that 
there is only a slight scholastic difference between these 
two groups. The 1A group is less sure of what area of 
study to pursue. 

| Comparison of the means and standard deviations for the 


1A, 1C, and 2 A groups on the seven sub-tests of the Pre- 


| Engineering Inventory is provided for in Table XV. 


There is not much difference in average scores between 
the two freshmen groups and they have about the same variabil- 
ity. Therefore these two groups my be said to have about 
the same average level of certain abilities as measured by 
the Pre-Engineering Inventory. The sophomore group 2 A shows 
consistently higher average scores than the freshmen groups. 
Critical ratios indicate, however, that none of the differ- 
ences in means between the freshman and sophomore groups are 
statistically significant. The greatest difference in means 
between the freshman and sophomore groups is found on the 
General Mathematics Test, and the chances that the true 


difference is greater than zero are 79 out of 100. The 
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TABLE XV 


MEANS AND STANDARD DEVIATIONS ON THE SEVEN SUB-TESTS 
OF THE PRE-ENGINEERING INVENTORY FOR BEGINNING 
FRESHMAN AND SOPHOMORE ENGINEERING STUDENTS 
IN SEPTEMBER 1946 


(arene meena reer rr a ee 


1A ic OA 

: Freshmen . Freshmen Sophomores 

Te gts Mean S.D. Mean S.D, Mean §&.D. 
I, General Verbal Ah, o2 22.2% 46.87 20.76 53.08 23.2% 
II, Technical Verbal 52.33 15.06 49.7h 14.82 65.00 14.30 


IIT. Scientific Materials 55.46 15.96 54.36 14.56 64.70 15.60 
IV. General Mathematics 45,96 13.80 44.84 15.05 59.07 13.58 

V. Mechanical Principles 23,30 10.24 23.86 9.32 26.27 18.06: 
VI. Spatial Visualization 33.48 11.28 34.02 11.20 42.17 18.76 


VII. Modern Society 32.75 11.60 34.07 10.85 37.09 16.52 
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variability of the groups is about the same except for the 
last three tests of Mechanical Principles, Spatial Visual- 
ization, and Modern Society where the sophomore group shows 


greater variability. 
Criteria 


As indicated in the introductory chapter, the criterion 
of scholastic achievement is measured by the weighted aver- 
age of instructors’ ace known at the University of Califor- 
nia as the grade point average. The limitations in using 
this measure of academic success are widely recognized, and 
predictive studies are quick to point out the fact that a 
marking system employing only five intervals has a very 
definite effect in lowering their validity coefficients. 
Such factors as low criterion reliabilities, coarse grouping 
measures, and self-selection among students in their choice 
of courses are definite limitations to mental measurement and 
are roughly analogous to such factors as friction, weight, 


observation errors, and uncertain calibration, which serve to 


complicate physical measurement, These limitations need to 


be recognized and accounted for in any attempt to validate 
special ability measures against certain academic criteria. 
In light of these limitations, Crawford and Burnham believe 


that it seems reasonable to regard validity coefficients of 


.40 or more for specialized aptitude tests as being encouraging 
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with .60 as perhaps maximal ,- 

In order to make a differential analysis of the special 
ability measures in the Pre-Engineering Inventory, the pre- 
engineering curriculum is divided into the following five 
sub ject areas: mathematics, chemistry, physics, engineering, 
and cultural, An analysis of the catalogues of eighteen 
engineering colleges throughout the country shows that these 
areas comprise the pre-engineering curriculum of all the 
colleges studied.° For purposes of this study, these five 
subject areas are more specifically defined as follows: 

Mathematics.--Includes analytical geometry, differential 
calculus, and integral calculus. Does not include intermediate 
algebra, trigonometry, and college algebra. 

/ Chemistry.--Consists of courses in general introductory 
chemistry, inorganic chemistry, and organic chemistry taken 
at the freshman-sophomore level. 

| Physics.--Includes mechanics, heat, light, sound, elec- 
tricity, and magnetiem, 

Engineering. --Includes the pre-professional engineering 
courses such as plane surveying, engineering drawing, descrip- 


tive geometry, advanced engineering drawing, engineering 


statics, manufacturing processes, and strength of materials. 


1. A. B. Crawford, and P, S. Burnham, Forecasting College 

"Achievement (New Haven: Yale University Press, ighe), p. 162. 

2, Made by the writer in preparation of a report for the 
Southwestern Sectional Meeting of the American Society for 
Engineering Education, December, 1947. 
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Does not include an orientation course in engineering. 
Cultural.--Consists of courses in elementary economics, 

public speaking, history, English, political science, philos- 

ophy. Does not include courses in statistics, accounting, 


art, music, physical or life sciences, foreign language, and 


military science. 


The definition of these five subject areas which will 
serve as criteria in the differential analysis of the Pre- 
Engineering Inventory aD an important step. The subject 
areas of mathematics, chemistry, physics, and engineering are 
fairly well defined by the natwre of the courses that are 
given in those areas, Not so clearly defined is the cultural 
area, The above definition indicates a heavy emphasis in the 
social studies area. This is the result of an attempt to 
define a homogeneous group of courses for this area’ on the 
basis of nature of content and nature pceseckeneadous It was 
found for the experimental group that each student had at 
least one or more of the courses included in the cultural 
area on his record. The reasons for excluding certain subjects 
from the: cultural area as defined above were: That the sub- 
jects overlapped too much with the areas already defined in 
the pre-engineering curriculum, e.g., statistics, accounting, 
and physical science courses; that the courses were a part of 


other areas of study such as foreign languages and life 


- geience courses; that the courses were only taken. by an 
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occasional engineering student; for example, art and music. 

With the five subject areas now defined, it is possible 
to compare the grade point averages in each area obtained by 
the freshman groups 1 A and 1 C for the period of two 
academic years, 1946-1948. Table XVI presents a summary of 
these grade point averages. 

The freshman group 1 C consistently obtained somewhat 
higher mean grade point averages in each of the subject areas 
and for the over-all average. Comparison of the results on 
the Pre-Engineering Inventory in Table XVI shows that the two 
groups. had about equal level of ability at the beginning of 
their engineering study, yet the freshman group 1 C was able 
to obtain somewhat higher grades. The greatest difference is 
in the subject area of chemistry and is found to be significant. 
On the other hand, the differences in means for the remaining 
subject areas are not statistically significant and are too 
small to warrant any general interpretation, The standard 
deviations indicate that there is almost equal variation for 
the two freshman groups in the subject areas listed, 

The interrelationships among the criteria of subject 
areas is another important factor in differential analysis 
because one of the basic assumptions previously mentioned in 
differential prediction is that different types of thinking 


ability are required for successful achievement in different 


subject areas. If the criteria are highly interrelated as 


shown by intercorrelations, then one ability measure will 
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TABLE XVI 


MEANS AND STANDARD DEVIATIONS OF GRADE POINT AVERAGES 
IN FIVE SUBJECT AREAS FOR TWO GROUPS OF 
BEGINNING FRESHMAN ENGINEERING 
_ STUDENTS FROM 1946 TO 1948 


1A, Freshmen 1c. Freshmen 


| N-1 N-28h » 
Sub ject Area Mean S.D. Mean §.D. 
Mathematics DIRS eT Lge ObT Trane 
Chemistry 1,201 132 1.537 (642 

' Physics — 1.393 .696 1.502  .696 
Engineering | 1.209 .70h 1,254 612 
Cultural 1.273 .683 1.319 .664 
Over-all GPA 'k6-'h8 1.289 .596 1.349 .514 
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tend to predict equally well for all the criteria and it would 
be impossible to differentiate among the criteria. 

Table XVII presents the intercorrelations among the 
five subject areas of the pre-engineering curriculum for the 
combined freshman groups 1A andl1cC. 

Probably the average intercorrelation for Table XVII is 
somewhat misleading because the correlations between the 
cultural subjects area and the other four subject areas are 
relatively low, Mearons the intercorrelations among the four 
ath ject areas of mathematics, chemistry, physics, and mathe- 
matics are markedly higher. The average correlation between 
the cultural area and the other areas listed is .37. The 
average intercorrelation among four subject areas of mathe- 
matics, physics, chemistry, and engineering is .57. Crawford 
and Burnham obtained similar data on 1,634 Yale freshmen of 
1934-36, and the average sonra Vatdane found by them for the 
same relationships were 38 and .57 respectively, which are 
almost identical to teks obtained in Table XVII.? No special 
significance can be attached to this close similarity except 
that the results of Table XVII are not likely to be out of 


line with results obtained elsewhere. 


3. A. B. Crawford, and P. S. Burnham, Forecasting College 
Achievement (New Haven: Yale University Press, ighé), 


p. 9. 
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TABLE XVII 


INTERCORRELATIONS AMONG THE FIVE SUBJECT AREAS OF THE 
PRE-ENGINEERING CURRIE FOR BEGINNING FRESHMAN 


i 


ENGINEERING STUDENUR AFTER TWO YEARS OF STUDY, 
1946 - 1948 

Subject = | ‘Freshman Groups 1A and 1¢, N= 47h 
Areas Mathematics Chemistry Physics Engineering Cultural 
Mathematics -- 570 rp le’ 565 . 384 
Chemistry ~570 -- 2595 418 32k 
Physics 6 (15 59 cee 530 438 

_ Engineering 2565 418 5350 -- 332 
Cultural 384 32k 438 ‘5e o 


Range of intercorrelations .324-.715 
Average .487 


Median 438 
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Siemens obtained data on 497 engineering students who 
took their pre-engineering work at the College of Engineering, 
University of California at Berkeley, eds fig ond Teensveds 
interval from 1928 to 1938. He computed intercorrelations 
among the subject areas of mathematics, physics, and ‘chemistry 
for these students. The intercorrelations ranged from .69 
to .87 and the average was found to be Tht These results 
are considerably higher than those found in Table XVII. An 
explanation for this discrepancy can be found in the fact 
that Siemens used in his study only those students who had 
completed their two years of pre-engineering training and 
had continued at least one semester of junior level work. 

In light of the forthcoming differential analysis which 
will use the five subject areas listed in Table XVII as 
criteria, there will probably be little difficulty in aifrer- 
entiating the cultural area from the other areas due to the 
low intercorrelsations that have been obtained. For the other 
four areas, the intercorrelations range from .40 to .60 with 


the exception of the correlation .715 between mathematics and 


Head} F; Siemens, Prognosis of the Achievement of Engineering, 
Students (Ph.D. dissertation, University of California, 


1939), pp. 34, 38, ho. 
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physics, It is reasonable to assume, therefore, that there 
are distinguishing features in each subject area of the pre- 
engineering curriculum which warrant a differential analysis 
made on the basis of various cites ability measures, The 
results of Table XVII certainly do not justify the combina- 
tion of mathematics, physics, and chemistry into one subject 


area as was done by Vaughn.” 


Differential Analysis 


Product-mément coefficients of correlation were computed 
between the seven sub-tests of the Pre-Engineering Inventory 
and the five av Sant areas of the pre-engineering curriculum, 
by use of scattergram plots. Separate correlations were 
computed for the freshman groups 1A and1cC. Only the cor- 
relations between the sub-tests and the over-all grade point 
average were computed for the sophomore group 2 A since the 
subject areas for this group are not comparable to those of 
the freshman groups. 

Predictive studies have consistently shown that validity 
coefficients for predictive measures tend to decrease as the 


length of time for the criteria increases ,° Since the criteria 


5. K. W. Vaughn, "The Yale Scholastic Aptitude Tests as 
Predictors of Success in the College of Engineering," 
The Journal of. Engineering Education, 34:577, April, 1944. 
6. See H. R. Douglass, "Different Levels and Patterns of 
Ability Necessary for Success in College," Occupations, 
22:183, December, 1943. 
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for this study extend over a period of two academic years, 
it is reasonable to expect that the validity coefficients 

of the tests will be low. Ina differential analysis, how- 
ever, the general predictive value of a hive is not the most 
important factor, 

Table XVIII presents a summary of validity coefficients 
for the pare ceere of the Pre-Engineering Inventory. 

Comparing the general predictive value of the tests for 
the freshman and sophomore groups, the over-all average is 
predicted somewhat better for the sophomore group than for m 
the freshman groups, particularly by the General Mathematics 
Test where the validity coefficient is .590. As previously | 
indicated, the nature of the academic work for these groups 
is different and may account for the discrepancy. Compar- 
ison of the two freshman groups shows that the general 
predictive value of these tests is about the same , 

Turning now to the subject areas, where the particularly 
differentiating coefficients are underlined, Table XVIII 
reveals that the General Verbal Test (I) and the Modern 
Society Test (VII) discriminate well for the cultural subject 
area, These Ne tests have about equal predictive value for 
the cultural subjects, put the General Verbal Test does a 
better job of differentiating because its validity coefficients 
with the other subject areas are lower than those of the 
Modern Society Test. The discriminatory value of these two 


tests applies to both freshman groups. 
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TABLE XVIIT 


CORRELATIONS BETWEEN THE SEVEN SUB-TESTS OF THE PRE-ENGINEERING 
INVENTORY AND THE FIVE SUBJECT AREAS OF THE 
PRE-ENGINEERING CURRICULUM FOR FRESHMAN 
AND SOPHOMORE GROUPS, 1946-48 


Sub ject Student Pre-Engineering Inventory Sub-tests 
Areas Group I II on iyiema 5 helen § VI VII 
General 1A (150 154% 46>) «R16 567 «288 «252 
Average 1c Ohi) =6-hO5) 0436 6384 = 6322 = 617K: = £3329 
1946-48 2A 338 .4h7 1521 .590 .388 .210 .396 
Mathematics 1A 0179 209 6570 218 7500 0) 209 
1c .179 314 .349 «1398 .269 .206 .221 
Chemistry 1A ea soesGt aE hOO 3578 P75 |. 306 
1¢ .021 .3523 .285 .290 .129 .035 .200 
Physics 1A 129 «.2hh «6.306 «1257 «. 340 «£30k = 234 
1c 14h 37h .316 .303 .216 .099 .172 
Engineering 1A | -.039 .18% .333 .358 .385 .461 .095 
1¢ 139 .232 354 6.302 360 .285 .196 
Cultural 1A .340 .153 .200 .071 .094 .025 . Ae 
1c HED. 23235~ 30T pl T2...-106.-.023,., -499 


Student groups: 1A - Beginning Freshmen, uninterrupted 
1c - Begiming Freshmen, interrupted 
2A - Entering Sophomores 


Pre-Engineering 
Inventory Sub-tests: 


I - General Verbal 
II - Technical Verbal 
III - Scientific Materials 
IV - General Mathematics 
V - Mechanical Principles 
VI - Spatial Visual 
VII - Modern Society 
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The validity coefficients for the Technical Verbal Test 
(II) do not present a clear-cut picture, This test differ- 
entiates the chemistry aret for the 1 A group and the physics 
area for the 1C group. However, the validity coefficients 
relative to the over-all average are as high or higher than 
the validity coefficients relative to the subject areas for 
this test. The discriminatory value of the Technical Verbal 
Test is rather doubtful and ceedenthrther analysis. 

The Scientific Materials Test (III) likewise presents a 
confusing picture from a differential standpoint. This test 
discriminates the chemistry area for the freshman group 1A 
but has no discriminatory value for the 1C group. However, 
for both groups this test has a high validity coefficient 
for the over-all avbrheds This would indicate that the 
Scientific Materials Test has better predictive value for the 
general area of pre-engineering study than for any particular 
sub ject area within the curriculum, | 

‘The Mathematics Test (IV) definitely has differential 
value for the subject area of mathematics for both groups. 
Likewise the Spatial Visual Test (VI) discriminates well'for 
the two freshman groups in the engineering subject area, The 
Mechanical Principles Test (V) differentiates the engineering 
subject area for the 1¢ group but has no discriminatory 
value for the 1A group. In both freshman groups this test 


has about equal predictive value for the general area of 


tae? Laduev Lwoludoe? edit 10% etaetotttreos wilbiier edt 
rettth teet ald?’ ,erytolg Juo-raelo oe taeneTe ton ob (az) 
scleydg off Ban gyorg’ At eat ‘t0% aot | Tttatmecto eats setattne 
notekGeoo wibiLev edt ,teveroH quot 0 I ett wt sors 
Sect telgid xo daid es wre egavera Lia neve. add. oF evtdater 
tot saova tooidve edd od avivelor witha: bs witht lor oat 
LedseV Lavtatne'tt edt to ‘eulov Proton! mbeoa hb ed? Saad at 
tlaylaae vedtuvt abean boo Lyttdvod vadtet dt tagt 
fs atites ety oebedit (IIL) fae? alelredaM oktivaeto® edt 
teas wkd? Sulogbasta Lattarrettts e mort emiot¢ getevtaoo 
if quotg caaleext edd tot aete vitatmeds edt cosaiketuit® 
{tevewoR .quoty Of edt tot exlav yrotenimiroals out ned ot 
Selo lyieos ti ltbiley fig id @ ead tao + abd ail ditod tok 


i} tect oteothat Slvew abit? SRaToVs Lis~rev0 ent ou 
att twit eslov ovitotberr tetied asl teeT aarroteM 9142 sneto8 : 
teigolitaey yas tot Gady vhote ptiteentagae-exg ‘to aris Laroneg 

we os ne 


wor Aved toe2 poli ames? om to oocte tootdua « pale ~ eter 
ililew setanlmrwath (IV) tat Laweat¥ Labtage: atts ontweins 

eat swt toetdyva ae, oy et aquory nsasiaertt ont wie 
gatreea tgos edt wotettnorettrs (¥) taet aelgt tomtst LnotaadoeM 
crotactatroats on wad ted qvormy 9 I nit tot Bets feotare 

toot etdt agrory cance ert od at UOTE AL exit 10% cater 


to sete L[atene, ens *o't exter pidebes ape’ taupe 3 tyoda seed 


; “2 ay, ! 
i Yet ors ‘ Me 
* ‘ ; oe Le 2h : 
LRA? PAG aah mae Pees Ty ee as ; a 
ae il Me A ite tai i ae Chie Sere 
Wie Tits et © Oe a Le 


93 


engineering study and for the subject areas. 

Generally speaking, Table XVIII reveals that the mathe- 
matics engineering, and cultural subjects areas are differ- 
entiated by one sub-test of the Pre-Engineering Inventory for 
both Sreshieta groups. The chemistry and physics subject areas 
are not clearly differentiated by any of the sub-tests for 
both freshman groups, although the chemistry area seems to be 
differentiated for the 1A group and the physics area for the 
1 C group. | 

Five of the seven sub-tests of the Pre-Engineering Inver 
tory contain two sections which use different approaches to 
measure the same special ability. In the anticipation of 
finding further significant results, scores were obtained for 
the freshman group 1 A for each section of the sub-tests and 
correlations were computed between oh section scores and 
the subject areas of the pre-engineering curriculum. 

In further subdividing the Pre-Engineering Inventory, the 
number of items in each section becomes important because the 
reliability of the section is affected by this factor. If 
the number of items becomes too small, the reliability of the 
test is questionable and the validity coefficients tend to be 
lower, The following is a list of the sections which are 
identified by a brief descriptive title and the number of 


items contained in each section. 
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Test I - General Verbal Ability 


I A - Word meanings, 75 items 
I B - General reading comprehension, 25 items 


Test III 


Comprehension of Scientific Materials 


III A - Technical reading comprehension, 75 items 
III B - Interpretation of technical data, 25 items 


Test IV - General Mathematical Ability 


IV A - Mathematical Computation, 60 items 
IV B - Mathematical interpretation, 30 items 


Test VI - Spatial Visualizing Ability 


VI A - Graphic representation, 2 items 
VI B - Cube identification, 32 items 


Test VII - Understanding of Modern Society 


VII A - Knowledge of American institutions, 40 items 
VII B - Comprehension of social issues, 30 items | 


From the above list, the nature of what is measured by 
each section can be determined from the titles. The relia- 
bility of some of the sections is certainly open to question, 
particularly the ones containing only twenty-five items, and 
this would be an important factor in explaining any low 
validity coefficients obtained for these sections. 

Table XIX presents the validity coefficients for the 
sections of the Pre-Engineering Inventory. 

| This table provides for a differential analysis of each 


section of the Pre-Engineering Inventory. The vertical 
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TABLE XIX 


CORRELATIONS BETWEEN TEN SECTIONS OF SUB-TESTS IN THE 
PRE-ENGINEERING INVENTORY AND THE FIVE SUBJECT 


AREAS OF THE PRE-ENGINEERING CURRICULUM 


FOR THE FRESHMAN GROUP 14, 1946-48 
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Sub-test Scetions of Pre-Engineering Inventory 


Sub ject Areas IA TB IIIA IIIB IVA IVB VIA VIB VIIA VIIB 
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columns of the table are examined to determine any validity 
coefficients which are markedly higher than the remaining 
coefficients in the vertical column, Such validity coeffi- 
cients are underlined which denote differentiation among the 
subject areas listed. 

Table XIX reveals that both sections of the General 
Verbal Test (I A and I B) continue to differentiate the cul- 
tural area from the other subject areas. The Word Meanings 
section (I A) shows petter differentiation, but this may be 
due in part to a greater number A items contained in this 
section than in the Comprehension section (I B). When these 
sections are combined, there is greater differentiation and 
increased predictive value for the cultural area as shown in 
Table XVIII. 

The two sections of the Scientific Materials Test (III A 
and III B) failed to differentiate for any particular sub ject 
area, It was previously pointed out that the test as a whole 
shows better predictive value for the general area of pre- 
engineering study than for any particular subject area within 
the curriculum, Since neither section of the Scientific 
Materials Test showed any differential promise, further study 
of what abilities are measured is needed. 

Previous analysis showed that the General Mathematics 
Test (IV) discriminated well for the mathematics sub ject 


area. Table XIX reveals that the Mathematical Interpretation 
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section (IV B) of this test is a much better discriminator 
than the Mathematical Computation section (IV A), although 
section IV A has a somewhat higher predictive value. This 
fact becomes even more significant when it is realized that 
section IV B contains only thirty items, whereas section IV A 
contains sixty items. Combination of the two sections re- 
sults in an increased predictive value for the mathematics 
subject area and about the same differential value as for 

the Mathematical Rinteir vie ct section (IV A). 

Table XIX likewise reveals that the Graphic Representa- 
tion section (VI A) has much greater differential power for 
the engineering subject area than the Cube Identification 
section (VI B). Furthermore, it is revealed that section 
VI A has greater predictive value for the engineering subject 
area than either section VI B or the combination of sections 
VI A and VI B. The fact that the Graphic Representation 
section (VI A) has both predictive value and differential 
value for the engineering subject area would make whatever 
special ability is measured by this section particularly sig- 
nificant, 

No particularly discriminatory value was found for the 
two sections VII A and VII B of the Understanding of Modern 
Society Test. The combination of these two sections did 
result in differentiation for the cultural area as was indi- 


cated previously in Table XVIII. The reason for this is due 
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in part to the small number of items in each section when 


considered separately. 


Chapter Summary 


The Pre-Engineering Inventory was administered to 1,356 
freshman and sophomore engineering students in geseeees 
1946. Excluding the advanced standing freshmen, a differen- 
tial analysis was made for the sub-tests of the Pre-Engineering 
Inventory on the beaie of 474 beginning freshman students 
and 227 sophomore engineering students, The beginning fresh- 
man students were divided into two groups: those who came 
direct from high school (1 A) and those whose schooling was 
interrupted between high school and college for a year or 
more (1 C). 

Comparison of the means and standard deviations on the 
sub-tests of the Pre-Engineering Inventory showed that the 
two freshman groups were of approximately the same level of 
average ability and equal variation. The sophomore group 2A 
consistently obtained higher average scores than the freshman 
groups, although the differences in means were not statis- 
tically significant. 

The criteria used in the differential analysis of the 
Pre-Engineering Inventory are the following five subject areas 
of the pre-engineering curriculum: mathematics, chemistry, 


physics, engineering, and cultural subjects. These subject 
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areas were specifically defined by the courses included. Com- 
parison of the grade point averages made in these subject 
areas by the two freshman groups revealed that the freshman 
group 1 C made slightly better average grades, although the 
dittetentes were not statistically significant. 
Intercorrelations among the five subject areas showed 
the cultural area to be unrelated to the other subject areas. 
The intercorrelations among the mathematics, physics, chem- 
istry, and uetnsecimé subject areas were higher but still low 
enough to indicate that each subject area had distinguishing 
features for making worth-while a differential analysis. 
Correlations between the various sub-tests of the Pre- 
Engineering Inventory and the pre-engineering subject areas 
served as a basis for the differential analysis. The General 
Verbal Test I was shown to have differential value for the 
cultural area, Likewise each of the two sections of this test 
showed differential power for the cultural area. The Tech- 
nical Verbal Test II and the Mechanical Principles Test V 
had better predictive value for the general area of the pre- 
engineering curriculum than differential value for any 
particular subject area within the curriculum. Likewise the 
Scientific Materials Test III failed to show differentiation 
for the subject areas, but the test did have general predic- 
tive value. Further analysis indicated that neither section 


of this test showed differential promise. 
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The General Mathematics Test IV differentiated the math- 
ematics subject area, and it was further shown that the 
Mathematical Interpretation section IV B had greater differen- 
tial power than the Mathematical Computation section IV A of 
this test. The Spatial Visual Test VI had discriminatory 
value for the engineering subject area; however, it was later. 
shown that all of the discriminating was done by the Graphic 
Representation section VI A, whereas the Cube Identification 
section VI B of this test had negligible differential value. 

None of the sub-tests or sections of the Pre-Engineering 
Inventory had definite discriminatory value for the physics 
or chemistry subject areas. Further analysis is therefore 
needed to determine what ability measures are most likely to 
differentiate for these areas and to investigate the factors 
that caused certain measures of the Pre-Engineering Inventory 
to be especially differentiating while other measures failed. 


Such an analysis will be made in the following chapter. 
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CHAPTER V 


FACTOR ANALYSIS OF THE PRE-ENGINEERING INVENTORY 


In the previous chapter, the various sections of the 
Pre-Engineering Inventory have been identified with certain 
subject areas of the pre-engineering curriculum. It is now 
the purpose of this chapter to determine the nature of the 
special abilities measured in each of the sections of the 
Pre-Engineering Inventory. This analysis is made through use 
of intercorrelations among the sub-tests and sections of the 
Pre-Engineering Inventory and an item analysis of the test 


battery. 


Intercorrelations 


Intercorrelations among the sections of the Pre-Engineer- 
ing Inventory give an indication of what measures are distinct 
and separate from the other measures. Also indicated is 
the amount of overlapping among the tests or what group of 
tests seem to be measuring the same factors. 

First presented will be the intercorrelations among the 
seven sub-tests of the Pre-Engineering Inventory for the two 
freshman groups 1A and 1cC. The intercorrelations listed in 


Table XX are computed from scattergram plots as was done for 
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TABLE XX 


INTERCORRELATIONS AMONG THE SEVEN SUB-TESTS OF THE 
PRE-ENGINEERING INVENTORY FOR THE FRESHMAN 
ENGINEERING GROUPS 1A AND 1C 


Fresh, 

Tests Group tig La (20 tee) eee VI VII 
I. General 1A == {500 .600 .370).465 .323 .736 
Verbal 1c ~ the, S60 605i. Fr y28P 269. \714 
TI. Technicalpes WA. © 580.08 =) o7174.55D v548;.500 1569 
Verbal ic 60 =- 2715 554 .516 .364 .398 
III. Scientific 14 PeeOn TL) eran ete 2 [o0.O10. iho 
Materials 1¢C 60L° 2715 <r. 656 .698 (5204 175356 
IV. General 1A .376 .551 .729 -- .686 .669 .45e 
Mathematics 1C £313 534 6656 -- 642 .4uS 514 
V. Mechanical 1A 465 .548 .788 .686 -- .675 .580 
Principles 1¢C YOST Th, 516) s698:r,.Gkaxte- TW60R 552 
VI. Spatial 1A .323 .500 .670 .669 .675 -- .378 
Visual 2G 269 .364 .524 448 1.603 -- .234 

VII. Modern 1A 730 .569 2743 .452 .580 .378 -- 


Society 1¢ , PE ORNS IS. ©, 556851. © 55278. 252. H- 


Range of intercorrelations: .234-.788 

Median intercorrelation: Bis bt 

Average intercorrelation: 540 
@ Freshman Groups: JA, beginning freshmen uninterrupted N 
. 1C, beginning freshmen interrupted WN 
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the correlations previously reported in this study. 

The freshman group 1 A consistently has higher inter- 
correlations than the freshman group 1C. The largest dif- 
ference is shown in the intercorrelations between Test V, 
Mechanical Principles, and Test VII, Modern Society, where 
the intercorrelation for the 1A group is .580 and for the 
1C group, .332. However, the differences are generally 
small and no special significance can be placed upon these 
results. Considering Table XX as a whole, the intercorrela- 
tions among the tests are about the same for the two freshman 
groups 1A andl C. 

Test III, Scientific Materials, definitely has the 
highest intercorrelations with the other tests, These inter- 
correlations range from .788 with Test V, Mechanical Principles, 
to .525 with Test VI, Spatial Visualization. The average 
intercorrelation for the Scientific Materials Test III is .671. 
This would indicate that Test III measures factors that are 
included in the other tests and that this test does not par- 
ticularly measure independent abilities. Therefore Test III 
could be excluded from the test battery without much loss as 
to the number of specific abilities measured by the battery. 
On the other hand, the test battery could be replaced by the 
Scientific Materials Test if a shorter form were needed. In 
the previous chapter it SP eco that the Scientific Materials 


Test III had more general predictive value for pre-engineering 
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study than differential value for any of the subject areas 
of the curriculum. The reason for this is now found in the 
fact that Test III measures certain general factors that are 
found in the other special abilities tests. 

Excluding Test III which has such high intercorrelations 
with the other tests, the following list presents the average 
of intercorrelations for each of the sub-tests of the Pre- 
Engineering Inventory: 


Average of Inter- 


Test correlations 
I General Verbal 463 
II Technical Verbal 252 
IV General Mathematics 501 
V Mechanical Principles bee Sy 
VI Spatial Visualization ALE 
VII Modern Society .470 


The range of average intercorrelations is relatively 
small, from .446 for Test VI, to .533 for Test V, Mechanical 
Principles. These intercorrelations indicate certain general 
factors are present in all the tests. A certain amount of 
overlapping is to be expected because "the more complex the 
measures correlated, the greater are the chances that they | 
will have common elements and the higher will their inter- 


correlations tend to be."l However, these intercorrelations 


1. A. Anastasi, Differential Psychology (New York: The 
Macmillan Company, 1937), yas BEAN 
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are sufficiently low to warrant the belief that separate 
abilities are being measured by these heute: 

Table XXI next presents the intercorrelations for the 
sophomore group 2 A. 

Comparing the intercorrelations of the above sophomore 
group with those of the freshman groups, the range and aver- 
age of intercorrelations are practically identical. The 
average of intercorrelations for the sophomore group 2 A 
(r = .544) is S inaaiat lower than the average of intercorrela- 
tions for the freshman group 1 A (r = .591) although the 
difference is small. Comparison of the corresponding inter- 
correlations for the 1 A and 2 A groups reveals that in hase 
cases out of twenty-one, the intercorrelations for the soph- 
omore group 2 A are higher than the corresponding intercor- 
relations for the freshman group 1A. Generally speaking, 
studies have shown that as students progress in their educa- 
tional development, their special abilities become more dif- 
ferentiated and intercorrelations among special ability 
measures for these students tend to decrease.“ In this study 
no oats trend has been noted in the comparison of the 
intercorrelations for the beginning freshman group 1 A and 


the entering sophomore group 2 A. 


2. A. B. Crawford, and P. S. Burnham, Forecasting College 
Achievement (New Haven: Yale University Press, 1946), 
p. 157. 
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TABLE XXI 


INTERCORRELATIONS AMONG THE SEVEN SUB-TESTS OF THE 
PRE-ENGINEERING INVENTORY FOR THE 
SOPHOMORE GROUP 2A, N = 227 


Tests I hud bh Stud 4 iit Pe, eee 
I. General Verbal ~~! [705 .703 .480°.396 .2h6 .718 
II, Technical Verbal OS, Mee eeeln (ee 22le 505 
III. Scientific Materials .703 .696 -- .798 .740 .513 .711 
IV. General Mathematics 480 .573 .798 -- .701 .466 .508 
V. Mechanical Principles .396 .442 .740 .701 -- .560 .476 
VI. Spatial Visual 246 212 .513 .466 .560 -- .216 
VII. Modern Society 671992565 8711) 868) h76" 216°" -- 
Range of intercorrelations: .212-.798 
Median intercorrelation: .560 
Average intercorrelation: uy 
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Once again the Scientific Materials Test III has the 
highest intercorrelations with the other tests in the battery. 
The average of intercorrelations for this test is .694 for 
the sophomore group as compared to .671 for the freshman 
groups. Excluding the Scientific Materials, Test III, the 
following are the average intercorrelations for each of the 


Pre-Engineering Inventory sub-tests as determined from 


Table XXI. 

Average of Inter- 
Test correlations _ 

I General Verbal 509 

II Technical Verbal 599 

IV General Mathematics- 546 

V Mechanical Principles cp be’ 

VI Spatial Visualization 340 

VII Modern Society 497 


The intercorrelation averages for the sophomore group 

are somewhat higher than the freshman groups for Tests I, IV, 
and VII, somewhat lower for Tests II and V, - markedly 
lower for Test VI, Spatial Visualization. Still no clear-cut 
trend can be noted in the comparison of intercorrelations for 
the freshman and sophomore groups. The intercorrelations of 
the tests for the sophomore group indicate that these tests 
measure separate special abilities at the sophomore level as 


well as at the freshman level. 
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The use of average intercorrelations to obtain a gen- 
eralized picture of the amount of overlapping of the tests 
has definite limitations. Garrett points out that an arith- 
metic mean can be used if the range of correlations is rela- 
tively small. If the range is great, Fisher's "squared r” 
method should be used.? For purposes of this study, however, 
the arithmetic mean of the correlations will be sufficient in 
view of the restricted range of correlations and of the fact 
that only relative comparisons are made in which true values 
of the average correlations are not so important. 

With the intercorrelations among the seven sub-tests of 
the Pre-Engineering Inventory available for the three groups 
1A, 1C, and 2A, it is possible to make a factorial analy- 
sis* of the test battery by determining which sub-tests seem 
to form natural groups as indicated by high intercorrelations. 
Such an analysis shows thet Test I, General Verbal, and 
Test VII, Modern Society, forma natural grounv since their 
average correlation for the three groups of students is .710Q. 
Another group is formed by Test III, Comprehension of Sci- 
entific Materials, Test IV, General Mathematical Ability, and 
Test V, Mechanical Principles, The average intercorrelation 


between Test III and Test IV is .728, between Test III and 


3. H. E. Garrett, Statistics in Psychology and Education (New 
York; Longmans, Green and Co., 1937), p. 203. 

* Factorial analysis means in this study an informal inspec- 
tional analysis of the intercorrelations rather than a 
specific technique such as Thurstone's centroid method. 
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Test IV and Test V is .676, Test II, Technical Verbal, may 
be considered as peripheral to the latter group since its 
intercorrelation with Test ITI is high (average r = -704), but 
the intercorrelations between Test II and Test IV (average r = 
.553) and between Test II and Test V (average r = .502) are 
relatively low. The Spatial Visualization Test VI is shown 
to be relatively independent of the other tests, 

In a factor analysis, it is generally customary to name 
the factors thus obtein6a However, the identification of 
these factors will be withheld in this study until all the 
data have been completely presented, ; 

Further intercorrelations for the freshman group 1A are 
presented in Table XXII showing the relationships among the 
sections of sub-tests in the Pre-Engineering Inventory. 

These intercorrelations are machine computed and Gherefore 


tend to be somewhat higher than similar correlations computed 


from scattergram plots, Although Tests II and V do not con- 


tain sections, they are included to Table XXII for analysis. 
In order to aid in the interpretation of the above inter- 

correlations, the means and standard deviations of the twelve 

subdivisions in the Pre-Engineering Inventory are listed 


below. 
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TABLE XXII 


INTERCORRELATIONS AMONG THE SECTIONS OF SUB-TESTS OF THE 
PRE-ENGINEERING INVENTORY FOR THE FRESHMAN 
GROUP 1A, N = 190 


Sections IA IB cise Oa VA Lv Vv VIA” VIB VIIA VIIB 


TA IB Ingogpres77ionyes TespBieneoe = .330 .509 .166 .294 .819 627 
TB POOGaln = ter Sob ol) Gave alor £5020. “yah 2829398 O70 S723 
LI OL apo eh ) Ment s5a9 Veto S5 sO? ABSA STS, .7OT jhe 
IITA ea UTC. 607mm ==n S67 oN. 560" e606) G87b%),521 467.865 681 
TITB 398 Préyiipis39. .678 -- .630 ..587-°.885. 450%? .520 .560 .476 
IVA jo92 3512 °.799°° 568 630 -- .654 .795 .515- .495 «.4e6 Jeg 
IVB 550 © V500+9O557* +2606 .587. .634 -* 567 407 .396 .32h 6.546 
V i506 Amypahosng758°l678* 883. .793  .567T-) -- .708" .695 .805 .645 
VIA bob Posse tRSB9F 527 (0.503 9.515 HOF-*. 708 Set?) 531 °.3h7 .2K6 
VIB ok erS90 eyo Toee veOT se8e00'Ch95. 7. 396- 4695! {551° «=~ = .294 . .330 
VIIA 819.870 .707 .865° .560 .4e6 .32h 805 .3h7. .29h = -- 881 


IA - Word Meanings 

IB - Reading Comprehension 
II - Technical Word Meanings 
IITA - Technical Reading Comprehension 
TIIB - Interpretation of Technical Data 
IVA - Mathematical Computation 
- Mathematical Interpretation 
V - Comprehension of Mechanical Principles 
- Graphic Representation 
- Cube Identification 
VIIA - Knowledge of American Institutions 
VIIB - Comprehension of Social Issues 


He a she 
aH ORD ee 


ofS 


RAT iA AA REANIM eH. ALA Uy Nine tn namnit ate SNP NRIRERAA A aaasvsipree: 


ee FS ren RT (RBM ER CS rE BALE UIE ENE TAR et RP RRA TZ 


BITV ATI 


CS Oa HR od. I eR, 


" ry 


ACMA eer NR ry i AE TMA i ANT 9 AEN HRT sp 


a 
ene pry, grey i ™% ww oy 
oy y Pos hae a! Cw ye 
aT » vv hud » a 4 Ob de te ‘ 
AN 7 2) at i 
¢ ie a 
a) ae ae am * ey aa % 4 
GN Sect my ty a aid aN 
fag yy yg sy CD 7 
% i bis NEES Ye ee Pe x eh tau 
‘ ms f Pe rs 
pe a aes xu 
Oo 45. 8 aS us ‘ 
beef ls | 2 
(2 fe * cf Wy e 4 om 
ad Gabe we pean ear 
en = Few | “3 ‘ 
Pik Cer, Cat" cy, 
ut a Re cue of 
ae “ay AM , iN 
Chee” ea Sa LUOe 
ss ' ‘i 
wl ra = ae 8 aN 
rae CUS » A Sy a) 'y . 
n f£ - 
oh ct at i oKt ey 
Has. AE. Lee i nae } ‘ 
oN ees | Ehal 
‘oll; dah ips is mi 
OF 4 , a te ae CeO * 
| ee 
es ri 
wits pak s. 1 hat 
+ oH 8 } va 4 
} rut ey i 
< C tg ri VY 
a a I 9 a ee oe em . 


SEN AN I Cm Re EEN ne ms ln wt AR aT OHO mI eA PN Yo A 


Bo 


Hof 


ecient ar: 


a! 


ee:  omeey 
ge homint 


LURK. aA 


eo ratty re 
on oe 


tau RUA} iti re Wait TH 
ee. 2 yh. AI ba i 


ct TT TOME 


nyt) 
bX) 


eo 


REA EA AIR RE Oe 8 MGT IE INL ME HOH temp emRRA te BALE RANE RGN In) DH recreating? ot OV RRDEABLE Um RL A 


ver ree enter Dieses ne ct 
Foul Jy aa a ae AE Oe 8 tS & 

palatal haa Sey ere SN RA OT RAE TEN oe OAR cl ta eI a NEE ey eR 

‘ rye em Chose seri yiihen a 
, Dee ts coke fou iy \ ic ul 

wa a Par | rye ea : 
SOC) REC Eee Ee ee, ms 
Le denen 5, 
Ot BER. TOR a 
} * “wt pe a ' 


POOL 
- 


A A ea YHH NS A = Re fo mn A NE CODERY! SIRENEDTICON DR AA A QAR Blech N/E” ARDC ANE ARLE SF “YAO AL AN REE Oe 


ooo. oR. 87a, ~~ PRG) Le 
a) sy ens Vere i te yen 
TOC. . ORG, wm OVO.) CBR ple, ; 


re CAO i, li ih 
wy ay pg ach by f Cy qn Dae Fis’ od 
roe, COF ‘ { a : yO, Via 5 Sy, 


ae Pryce ee magne 
a Wis LoL, 5 | Ke ah Bar 
i eg me ot see 
wae ‘ CYS Cac, - va VY ni 
ee ST att| " qly “} ~ Nat 
Oe eS CA TASC a, 


Abe Ar ebay vader 


TER NLR ae opp N ER HS NRo cer) M0 


eguineeM feroW 
hanaemise hatin ~~ , 


Bip ae Be tasiede 


& 


rolenetort eee neni Las betel ett 


te tsotatiosT to holsatenrrretal 
sottacuomod Leo tteteadisoh 
soitatetgredal Leotdamedtam 
issinedoeM to tolesedeigae) 
sottatneserge® otdaetd 
nottecttidwehl edyed 

titeal asotremA to epbelword 
aoyael [aivod To molemertetgmo) 


fee tole at et oe ee 


as 
B 
* 


111 


Section Mean SP »: 
I A Word Meanings 33.8 17.10 
I B General Reading Comprehen- 
- gion 10.3 4 68 
II Technical Word Meanings 523 15.06 
III A Technical Reading Comprehen- 
sion. 40.3 12.68 
III B Interpretation of Technical 
Data lise s 4.00 
IV A Mathematical Computation ag 9.76 
IV B Mathematical Interpretation 14.1 4.98 
V Comprehension of Mechanical 
Principles 23.3 10.24 
VI A Brophis Representation 15.9 6.21 
VI B Cube Identification 1.7 8.16 
VII A Ane eae Institutions AR REN: 4 88 
VII B Social Issues 11.1 6.15 


In the above list, the tests having particularly small 
standard deviations are Tests I B, III B, IV B, and VIIA, 
Examination of Table XXII reveals that the General Word 
Meanings section I A, General Reading Comprehension section 
I B, American Institutions section VII A, and Comprehension 
of Social Issues section VII B, Pannen yes to be measuring a 
common factor as judged by their relatively high Peetcerretae 
tions. This is in general agreement with the results 


previously found in the intercorrelations of the sub-tests, 
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Another cluster indicated in Table XXII consists of the 
Technical Reading Comprehension section III A, Interpreta- 
tion of Technical Data section IIT B, and Comprehension of 
Mechanical Principles Test V. Previous results in Tables XX 
and XXI showed that the General Mathematical Ability Test IV 
should be included in this group, but Table XXII does not 
indicate this to be true. This later table reveals that 
the Mathematical Computation section IV A has a high intercor- 
relation with Test II, Technical Word Meanings, and therefore 
these two measures combine to form a separate cluster. 

The remaining sections IV B, Mathematical Tniewpretation, 
VI A, Graphic Representation, and VI B, Cube Identification, 
are shown to be relatively independent in Table XXII. It 
should be pointed out further that the section VII A, Knowledge 
of American Institutions, could weer well be included in the 
second cluster of measures consisting of sections III A, 

TII B, and Test V because the intercorrelations of section 
VII A with this group of measures are high. Previous results 
indicated that Test VII as a whole did not have very high 
intercorrelations with Tests III and V, and therefore section 
VII A is not included in the second cluster of measures be- 
cause of this discrepancy, 

Now that the sections and sub-tests of the Pre- 
Engineering Inventory which seem to be measuring the same spe- 


cial abilities have been determined through an analysis of 
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intercorrelations, the purpose of the remainder of this chap- 
ter will be to identify the separate special abilities 


measured by the Pre-Engineering Inventory. 


Item Analysis 


The Pre-Engineering Inventory contains a total of 558 
items. The item analysis made in this study is relatively 
simple. On the basis of grade point averages made in engi- 
neering study, ee Sita in the beginning freshman group 1A 
were selected to form the upper 25 per cent group in scho- 
lastic standing and the lower 25 per cent group, Answer 
sheets were obtained for students in these two groups and were 
hand-scored, For each item in the Pre-Engineering Inventory, 
the following information was obtained: the number of stu- 
dents in the upper group who answered the item correctly, the 
number of students in the lower group who answered the item 
correctly, the difference in number of students in each group 
who answered the item correctly, and the total number of 
students in both groups who answered the item correctly. 

The difference in number of students in the upper and 
lower groups who answered an item correctly is an indication 
of the value that the item has in discriminating between the 
upper and lower groups of students. The total number of 
students in each group who answered an item correctly is an 


indication of the difficulty level for that item. Frequency 


ase 


91 ett ‘to eaogt a ‘ol anoitalerioorsint 


aleviscd, mod Tt ; 
AACR 4 emi i DO eee en et ed 
mC to Latot. 6 a I pitiveentyat-ext att 
5 } eS be $2 ae eg ge od 
7 ] i e Na al ar. ew a 
- soa ae 
Py im le ttt nigh lah 
> Rs { a s rae Mt Pia Ser i bay | 
My % 
' te \, es “4 
eo et a i Wit ir 
4 - siye@atiqua-erd Hee a t dose tod =  betonR- ~boad 
to ecloniar| ots do sew £ tot gatwo.! Of edt 
ade Vis vetroo mint ets Devrewans ofw grote sweat gad al edie 
ime Pay +7 ry. Cros ot swy as sebucte to tedhuct 
: a) ¢ : 
om doae a te tedium of socotelttis edt ,y licen tx09 
tc s fetod eds f eit Doxewane, ow 
fi 2 mark guid t mk edaobsta  — 
huis tedan edd at etneivte to tec at sscere etrLb edt 
GHOLT ES. Pas al Ystooenroo eth se hetewame ov equote revel 
it ceewte wert eat Stadt cx Ley oat to 
to tedwum Latot eff. ,eteis ste To ade Tg towel baa reqas 
os at yiloerxes métt aa berewacda. onw ory, ‘doee nt! atngbute 
¢ . : f F ¥ j ¢ oale® 
feedl eal ar. oe ee ee a a . : ? ape oe ae) ra RON 
Yousvpexrd met tads sok Level eetooltths edt 40 gotta titer 
j 
ha 
Cr ae 2 ae 
Bey ae , : =" 


114 


distributions were made of the differences and the sums, 
Items which showed about average difficulty and whose dis- 
criminatory value was in the upper 20 per cent for the entire 
group of items were then selected for further analysis. 

These items showing high discrimination between the 
upper and lower groups of students can be considered as being 
particularly pertinent for engineering study and likewise the 
abilities measured by these items can be considered as having 
important for successful achievement in the pre-engineering 
curriculum. Therefore a careful study will be made to deter- 
mine the nature of the abilities measured by these items, 

In making an analysis to determine the special abilities 
measured by these highly erent natant items, certain limita- 
tions are involved which need to be pointed out at this time. 
It is entirely possible that certain items are not measuring 
the abilities which are obviously intended to be measured. 
This may be due to the presence of certain underlying factors 
such as the location of the item in the test, the wording of 
the question, the nature of the multiple et aha: the 
item, the peculiar previous experience. of the student taking 
the test, and others.too numerous to mention, In order to 
provide for these discrepancies, it will be necessary to 
assume that the Pre-Engineering Inventory has been carefully 
constructed and that it is highly probable that the test 


items measure the special abilities which are intended to be 
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measured, 

Another limitation involved in the determining of special 
abilities measured by these test items concerns the sub jective 
character of such an analysis. To some extent, the nature of 
the abilities measured by these items is quite obvious. In 
a number of cases, however, the ue of the abilities 
measured is subtle and obscure. The nomenclature of these 
abilities is arbitrary and usually attempts to give clues as 
to what is being measured, -In any case the clarity in the 
definition of these abilities is dependent to a large extent 
upon the ability of the author to give an accurate description 
of what specific abilities are involved. 

With these limitations in mind, attention will now be 
directed to the items showing high discrimination in each of 
the sub-tests of the Pre-Engineering Inventory. In Test I. 
General Verbal Ability, an attempt is made to measure the 
student's ability to recognize word meanings and 6 measure 
the extent of the student's general vocabulary. This type 
of test tends to measure general scholastic ability; however, 
previous analysis showed that this test differentiated for 
the cultural subjects area. The item showing the greatest 
discrimination consist of Wh tSeatitith’ the word meanings for 
pecuniary, cajole, poignant, and manifestly. In Part II of 
this test where the ability to comprehend general reading 


materials is measured, no items of significant discriminatory 
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value were found, . 

Test II, Technical Verbal Ability, is a similar type of 
test as Test I where an attempt is made to measure the 
student's ability to recognize word meanings. In Test II, 
however, the words are drawn from soma tie materials in science 
and mathematics. The mathematical terms having high dis- 
criminatory value are: abscissa, a mathematical function, 
radian, and helix. Scientific terms having similar discrim- 
inatory value are: Hertzian waves, synthesis, achromatic, 
coulombs, sublimination process, and Wheatstone bridge. From 
the nature of these items, it can be readily seen that a 
working knowledge of certain mathematical and scientific terms 
is necessary for engineering study. The fact that this test 
contains both scientific and mathematical concepts may account 
for the fact that the test did not differentiate any partic- 
ular subject area. 

Unlike Tests I and II, which are primarily word recog- 
nition or vocabulary tests, Test III makes use of the 
"miniature task" technique previously described and therefore 
would be classified as a specialized aptitude test. Test III 
attempts to measure the ability to comprehend scientific 
materials. An item analysis of this test should reveal more 
exactly the nature of the abilities involved. 

The content of Test III consists of descriptive reading 


materials in the field of physical science accompanied by 
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tables, graphs, and diagrams of a quantitative nature. Each 
reading passage is followed by a number of questions on the 
given passage. The items having the greatest discriminatory 
value are carefully analyzed to determine what is required 
of the student, and these items are grouped according to 
similarity in the abilities required. Parts I and II of this 
test are quite similar in nature and are therefore not dis- 
cussed separately. 

The following — the special abilities measured by the 
items in Test III which show particularly high discriminatory 
value, 

1. The ability to penich ute between the cause of a 
situation and the symptoms or indications of that 
situation. 

a, The student is given a description of a disease 
called polycythemia and its treatment. Student 
is asked to note if the cause of the disease is 
given and if the treatment applies to the cause 
or to the symptoms of the disease. 

2. The ability to apply a principle or relationship 
expressed in a table or formula to a specific situa- 
tion or to infer what would happen in a given situa- 
tion, 

a. A Brinell hardness table aie a ni ee or it 


is given. Student is asked to determine which of 
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four steels with different carbon content would 
be the hardest under certain conditions. 

b. Student is asked to dedbiriine certain dimensions 
of bolt heads and pte from a formula in one in- 
stance and from a table in another instance. 

c, The operation of a spherometer is explained and 
the student is asked to determine what would happen 
if the scale were set to zero and if the spherometer 
were used to determine the radius of a sphere. 

ad, The principle of a differential chain block-hoist 
is explained, The student is first asked to com- 
pute the mechanical advantage of the chain block 
from a given formula and then to determine the 
effect upon the operation of the chain hoist if 
certain conditions were imposed. 

3, The ability to determine the reason for certain 
phenomena and results described in the reading pas- 
sages. 

a, Certain properties of an element X are given, and 
the student is asked to explain tae behavior of 
the element under certain conditions, 

b. Bode's law for determining the mean distance of the 
various planets from the sun is explained. The 
student is asked to determine why certain omissions 


were present. 
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c. The operation of a spherometer is described and 
the student is asked to determine why the spherom- 
eter could be used equally well on concave or 
convex surfaces. 

9 4, The ability to perceive certain relationships or 
, principles implicét in given data. 

a. A table showing the application of Bode's law is 
given, and the student is asked to determine the 
unit of measure used in the table. 

4 b. An explanation of the method of finding the re- 
sultant of two coplaner concurrent forces is given, 
The student is asked to determine the condition 
when the Pythagorean theorem may be used. 
5. The ability to interpolate a graph. 

a. A curved line graph is presented, and the student 
is asked to determine certain between-interval 
values, a task which requires a certain amount of 
judgment and. carefulness. 

6. The ability to determine the writer's purpose in ex- 
wlafiitme Sextainl dca. 
® a. A reading passage on some technical subject is 
given, and the student is asked to determine the 


writer's purpose in a certain paragraph. 


From the above list, it can be seen that certain specific 


Pad 9 abilities are called for in the "miniature tasks" contained 
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in Test III. These abilities are not mutually exclusive, and 
together they are part of the student's ability to interpret 
and comprehend technical data, 


In attempting to determine the reason why a number of 


items failed to discriminate between the upper and lower groups 


of students, it was found that some of these items called 
for previous knowledge and experience which only a few grad- 
Cite high school seniors would have. A speed factor was 
also indicated by the small number of students who attempted 
the last ten items in Part I of the test. This would make 
useless an item analysis for these items. 

Test IV attempts to measure general mathematical ability. 
An analysis of the discriminating items in Test IV reveals 
the following special abilities which are called for by these 


items and which are a part of general mathematical ability. 


1. The ability to solve formulas 


fat ; solve for a 


b. Given S = NC and C =f D, solve for N 


21r f Tj and T = 2, solve for L 
& 


d. Given V and h of a circular cylinder, find radius 
of the base 


a. Given V 


ec. Given T 


2. Ability to express given written relationships in 
terms of formulas. This is also known as algebraic 


formulation. 
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Given the written relationship of the volume 

of water in a cylindrical tank to the diameter 
height, determine the formula. 

Given the written relationship of the pressure of 
a weight to the dimensions of the steel post, 
determine the formula. 

Determine the formula for weight in terms of den- 
sity and volume, 

Given the relationship between horsepower and 
watts, and of watts in terms of voltage and 
amperes, determine the formula for horsepower in 
terms of volts and amperes. 

Given the relationship of Force in terms of Mass, 
Velocity, and Radius of rotation, determine the 
formula. 

Given the relationship of Force to Weight, Height 
of inclined plane, and length of inclined plane, 


determine the formula. 


Ability to express geometric relationships in terms 


of formulas, 


a. 


Given the figure, determine the formula for the 
circumference of a circle. 

Given the figure, determine the formula for the 
area of a circle. 

Determine the area of a right triangle from a 


given figure. 
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L@e 


Determine the formula for the ‘sides of a given 


right triangle. 


4, Ability to apply previous knowledge of basic geometric 


relationships to given situations. 


a. 
Db. 


c. 


From a given diagram, select equal angles. 
Given two similar triangles, find the unknown side. 
Given the numerical value of an angle, find the 


value of its complementary angle. 


5. Ability to apply newly learned mathematical procedures 


and principles. 


a. 


In a reading passage, the method of computing 
means, medians, and modes is given. The student is 
then asked to compute a mean and median in a given 
situation. 

The system of rectangular coordinates is explained, 
and the student is asked to determine which of a 
list of points identified by coordinates lies in 


the fourth quadrant. 


6. Ability to perceive certain relationships implied in 


given formulas. 


a. 


A formula is given which expresses a relationship 
between two variables. The student is asked to 
determine what would happen to the value of one 


variable if the other one is doubled. 


. In a given formula, the student is asked to deter- 


mine how one variable varies in relation to the 


other, 
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Other discriminating items not included in the above 
list consist of problems involving fractional exponents and 
interpolation in a table of trigonometric functions. One out- 
standing feature of the above list is the fact that most of 
the items are concerned with formulas in some way or another. 

Test V proposes to measure the student's ability to 
comprehend mechanical principles. Several diagrams of mechan- 
ical devices followed by questions on each of these devices 
are presented. In some cases the student is asked to determine 
the principle involved in the operation of the mechanical 
device and then apply that principle to a particular situation, 
In most cases, however, the principle of operation is given 
along with the mechanical device, and the student is asked to 
demonstrate his understanding of the principle by applying 
to given situations. 

The following problem situations in Test V showed signif- 
icant discrimination between the higher scholastic group and 
the lower scholastic group of students in the beginning 
freshman group 1 A. 

| a. Given two pistons connected to a rocker arm on the 
same side of the fulcrum and acting in opposite 
directions. Se ee the force exerted by one of 
the pistons when a certain force is acting upon the 
other. 

b. Given a diagram of a system of wheels interconnected 


by belts and ‘the principle that the speeds of the 
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wheels are inversely proportional to their diameters. 
Determine which wheels make the same number of revo- 
lutions per minute as a given wheel, Also determine 
how many complete turns are made by a wheel when 


another wheel makes a certain number of revolutions. 


. Given diagrams of four separate pulley arrangements 


and the principle of mechanical advantage involved. 
Determine the pull necessary to lift a certain weight 
in one of the arrangements, the tension on certain 
parts of the pulley arrangements, the mechanical 
advantage for each pulley arrangement. These ques- 
tions had particularly high discriminatory value. 
Given a system of gears that can be shifted and the 
principle that the speed of the gears varies inversely 
to the number of teeth on the gears. Determine what 
speeds result from certain gear combinations, what 
gear combination will give a desired speed, and what 
change will result from one combination being changed 
to another, 

Given a hydraulic system containing two pyaintdngenl 
pistons of known cross-sectional areas. Determine 
the effect of a force on one of the pistons and the 
effect of a certain movement of one of the pistons. 
Given a crank and sliding block linkage. Determine 
the position of the tip of the crank for a given 


position of the sliding block. 
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Throughout the test on mechanical principles, the stu- 
dent is required to deal with ratios. This test is quite 
similar to Text III in that the student is asked to apply 
certain principles to specific situations. The only differ- 
ence is that in Test III the principles apply to reading 
material and: quantitative data. In Test V the principles 
apply to diagrams of mechanical devices. This may account 
for the high intercorrelations previously obtained between 
these tests. | 

Test VI, Spatial Visualizing Ability, contains two parts. 
Since Part I showed superior predictive value and differen- 
tial value, and since almost all of the discriminating items 
are contained in Part I, only the nature of the special abil- 
ities as measured in the first part of this test will be 
discussed, 

In Part I of Test VI, the ability to think in terms of 
orthographic representation is measured. Two orthographic 
views of an object as presented, and the student is asked 
to select from a group of suggested views the missing third 
orthographic view which completes the picture. Previous 
training in high school mechanical drawing would be a 
definite asset for this type of test. Mechanical drawing 
is a prerequisite subject for entrance into the College of 
Engineering at Berkeley, and a check of the high school 


records showed that each student in the beginning freshman 
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group 1A had taken at least one year of mechanical drawing. 
Also a full explanation of what is expected of the student 

is given at the beginning of the test. Therefore the students 
should be about equally prepared for this type of test. 

In determining the third missing orthogonal view, the 
student may use one of two approaches, One method consists 
of trying out each of the suggested views to see if it fits 
the specifications. In the other method, the student visual- 
izes the whole objectefrom the two given views and then 
visualizes what the missing view should be. The student 
then selects the proper view from the suggested list. The 
latter method is faster; however, both methods require visual- 
izing ability. 

All of the items in Part I of Test VI are of the same 
nature and therefore measure the same ability to visualize 
in terms of orthographic representation. The difference 
between the discriminating items and the non-discriminating 
items lies in the fact that more oblique surfaces and hidden 
lines were involved in the discriminating items. 

Test VII attempts to measure the student's understand- 
ing of modern society. This test is a general information 
type of test and consists of questions of a general nature 
on American institutions and social issues. The discriminat- 
ing questions in tte test are as follows: 

a. Why is universal education particularly important 


in a democracy? 
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b. What was the original purpose of the system of 
checks and balances in our government? 

c. What best described business conditions in this 
country after 1918? 

d, What is characteristic of modern industry? 

e. What group gains the greatest benefit when the 
United States levies a high protective tariff on 
an article? 

f. In its commonest meaning, the term "collective 
bargaining" refers to bargaining between what types 
of political or economic groups? 

From the nature of the above questions, it can be seen 
that the test measures EN, information concerning American 
institutions. Part II of this test which contains reading 
passages on current social issues did not have any discrim- 


inating items. 


Chapter Summary and Identification of Factors 


The purpose of this chapter was to determine the nature 
of the special abilities measured in each of the sections of 
the Pre-Engineering Inventory. First considered were the 
intercorrelations among the ability measures in order to de- 
termine which ones are measuring separate abilities, The 
intercorrelations for the freshman group 1 A were consistently 


somewhat higher than those for the freshman group 1 C. 
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However, some of the intercorrelations between similar sub- 
tests for the freshman group 2 A were higher than those for 
the 1A group and therefore no trend was indicated, 

A factorial analysis of the Pre-Engineering Inventory 
sub-test intercorrelations for the three groups of students 
showed definite tendencies for certain tests to group them- 
selves together. One group was formed by Test I, General 
Verbal, and Test VII, Understanding of Modern Society. Also 
indicated was a close relationship among Test III, Scientific 
Materials; Test IV, General Mathematics; and Test V, Mechan- 
ical Principles. Test II, Technical Verbal, was considered 
peripheral to this group since its intercorrelations with 
the tests of this group were inconsistent, The Spatial 
Visualization Test VI was shown to be relatively independent 
of the other tests. 

A further factorial analysis ta made of the intercor- 
relations among the sections of sub-tests in the Pre-Engineer- 
ing Inventory for the freshman group 1A. This analysis 
revealed that the General Word Meanings section I A, General 
Reading Comprehension section I B, American Institutions 
section VII A, and Comprehension of Social Issues section 
VII B formed a group which seemed to be measuring a common 
factor. Another group consisted of section III A, Technical 
Reading Comprehension; section III B, Interpretation of 


Technical Data; and Test V, Comprehension of Mechanical 
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Principles. Unlike the previous analysis, the Mathematical 
Computation section IV A and Technical Word Meanings Test IT 
formed a separate group. The remaining sections IV B, 
Mathematical Interpretation; VI A, Graphic Representation; and 
VI B, Cube Identification, were shown to be relatively 
independent. 

In order to determine more accurately the nature of the 
abilities measured, an item pikeystbeuie made of the Pre- 
Engineering Inventory on the basis of the freshman group 1 A. 
The items in each of the sub-tests showing particularly high 
discrimination were groupec according to similarity in 
abilities measured. 

Tests I and II were found to measure the student's abil- 
ity to recognize word meanings. In Test I, the discriminating 
words were found to be pecuniary, cajole, poignant, and 


manifestly. In Test II, the technical terms having signifi- 


cant discriminating value were abscissa, a mathematical function, 
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sublimation process, and Wheatstone bridge. The discrimi- 
natory items of Tests I eas II indicate that a working knowl- 
edge of both general and technical vocabulary is needed for 
engineering study. 

Test III was found to contain “miniature tasks" involv- 
ing scientific reading materials. The following special 
abilities were measured by the discriminatory items in this 


test: 
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The ability to distinguish between the cause of a 


situation and the symptoms or indications of that 


situation. 

The ability to apply a principle or relationship 
expressed in a table or formula to a specific situa- 
tion or to infer what would happen in a given situa- 
tion. 

The ability to determine the reason for certain re- 
sults and phenomena described in the reading passages. 
The ability to perceive certain relationships or 
principles implicit in given data. 

The ability to interpolate a graph. 

The ability to determine the writer's purpose in ex- 


plaining certain data, 


Test IV attempted to measure general mathematical ability 


which consisted of the following specific abilities as meas- 


ured by the discriminating items of the test, 


a. 


b. 


The ability to solve formulas. 

The ability to express given written relationships 
in terms of formulas (algebraic formulation). 

The ability to express-.geometric relationships in 
terms of formulas, 

The ability to apply previous knowledge of basic 
geometric relationships to given situations, 

The ability to apply newly learned mathematical 


procedures and principles. 
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f. The ability to perceive certain relationships 
implied in given formulas, 

In Test V, all the problem situations involved a diagram 
of some simple mechanical device followed by questions. These 
items measured the student's ability to comprehend the me- 
chanical principle involved in the operation of the mechanical 
device and to demonstrate his understanding by applying the 
principle to specific situations, 

Nearly all of the discriminating items in Test VI were 
contained in Part I. This section of the test measured the 
student's ability to think in terms of orthographic repre- 
sentation. Likewise in Test VII, all of the discriminating 
items were found in Part.I of the test. This section of the 
test measured general information concerning American insti- 
tutions, 

On the basis of the factor analysis and item analysis 
just completed, the following separate abilities are believed 
to be measured by the Pre-Engineering Inventory: 

a. Ability to demonstrate a working knowledge of gen- 
eral vocabulary and general information concerning 
American Democracy‘(Tests I and VII). 

b. Ability to comprehend basic principles involved in 
technical reading passages, quantitative data, and 
diagrams of mechanical devices, and to apply these 
principles to specific situations, (Tests III, V, 


and part of II.) 
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Ability to perceive quantitative relationships and 
to work effectively with mathematical symbols and 
concepts. (Test IV and part of II.) 


Ability to visualize in terms of orthographic repre- 


sentation. (Test VI.) 
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CHAPTER VI 


SUMMARY AND CONCLUSIONS 


The purpose of this final chapter is to summarize briefly 
the findings of the previous chapters and to point up con- 


clusions that will serve as clues for the further development 


of special ability tests in engineering. 


Summary of Findings and Conclusions 


1. The basic Se apaok ion in this study that pre-engineering 
study requires certain skills and abilities apart from other 
areas of study and that the main subject areas within the 
pre-engineering curriculum further require separate abilities 
seems to be warranted. The six-year eiual. made by the Uni- 
versity: of Minnesota indicated that variables found especially 
useful in predicting success in one school or college were 
not found to be equally prognostic for any other school or 
college. Vaughn presented data ad aly indicated that engineer- 
ing students tend to make higher average scores on certain . 
ability measures than do other students. Crawford and 
Burnham further indicate in their data that certain subject 
areas require separate abilities. 

2. The predictive measures of the high school record, 


general scholastic tests, primary or basic mental abilities 
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tests, and achievement tests are not particularly useful in 
defining special abilities. An analysis of engineering 
prognostic studies which used these measures revealed that 
these measures had predictive value for engineering study, 
but they also had equal predictive value for the other areas 
of the study. The use of high school marks in certain 
courses to determine special abilities has been highly un- 
reliable because a student's record is rarely consistent and 
schools differ widely in emphasis in different studies and 
standards maintained. By nature of construction, general 
scholastic aptitude tests have equal predictive value for all 
areas of scholarship and are therefore unfruitful sources for 
special ability analysis. Thurstone's Primary Mental Abil- 
ities Test has attempted to measure specific components of 
scholastic abilities, but studies indicated that the test 
still measured general scholastic ability and had no differ- 
ential value. Achievement tests added a certain amount of 
definiteness to the picture and had some differential value, 
but they were still unfruitful sources for special ability 
analysis because they have emphasized facts or knowledge 
acquired. 

3. The content of recently developed specialized edu- 
cational aptitude tests has definite possibilities for special 
ability analysis, These tests contain items which simulate 


specifically the kinds of tasks likely to be met in the study 
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of a particular subject area, and certain special abilities 
are required in the solution of these "miniature tasks." 
The specialized aptitude tests used by the engineering 
prognostic studies were classified into the following cate- 
gories according to the nature of what was measured: 

a. Mechanical ability 

b. Spatial visualization 

c. Reading comprehension and interpretation 

d. Quantitative reasoning and interpretation 
Most of the studies using these tests attempted to determine 
the predictive value of these tests for the general area of 
pre-engineering study. These studies revealed that the 
specialized aptitude tests had about the same predictive value 
for engineering study as did the other measures of high 
school record, general scholastic aptitude tests, and achieve- 
ment tests. These studies, however, did indicate the 
superiority of certain types of specialized aptitude tests 
over other types of specialized aptitude tests in predictive 
value, They are summarized as follows: 

a. Tests measuring comprehension of mechanical principles 
and relationships were found to be superior to tests involv- 
ing the manipulation of certain mechanical objects. 

b. Tests requiring visualization in terms of graphic 
representation were found to be superior to the paper form- 


board type of test. 
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c. Reading comprehension tests which contained items 
of a general nature were found to be inferior to tests which 
Sy dating to measure verbal reasoning and interpretation of 
technical ae material found in engineering courses. 

ad. Aptitude tests in mathematics which contained only 
reasoning and interpretative type of items were found to be 
inferior to mathematics tests which contained both achievement- 
type and interpretative-type of items, 

Only afexwstudies attempted to determine, the differ- 
ential value of these specialized aptitude tests, but their 
findings were unanimous that these tests have definite possi- 
bilities of being able to discriminate among various subject 
areas and groups of students. Particularly noteworthy was 
the fact that the Pre-Engineering Inventory. had differential 
value for distinguishing engineering students from other 
students, and that most of the sub-tests of this battery had 
incorporated the best features of specialized aptitude tests. 

4, In determining the special abilities necessary for 
successful achievement in the general area of pre-engineering 
study and in the subject areas of the pre-engineering cur- 
riculum, the following analyses were made; 

a. A differential analysis was made of the Pre- 
Engineering Inventory to determine which tests were partic- 
ularly significant for each of the areas of study. 


b, An item analysis was made of the Pre-Engineering 
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Inventory to determine the special abilities significantly 
measured by the discriminating items in each of the tests. 

The following are the results of these analyses which 
apply to the beginning freshman groups used in this study: 

General Area of Engineering Study.- The differential 
analysis indicated that Test II Technical Verbal Ability; 

Test III Comprehension of Scientific Materials; and Test V 
Comprehension of Mechanical Principles, all predicted the 
general average haviee nas in engineering as well as if not 
better than average marks made in the subject areas. These 
tests therefore had no particular differential value for the 
subject areas and yet had a significant predictive value for 
the general area of engineering study. The special abilities 
measured by these tests have significance for engineering 
study in general and these special abilities are listed as 
follows: 

Test II, Technical Verbal Ability - Measures the ability 
to recognize technical word meanings found in the reading 
material of science and mathematics. The discriminating items 
in this test indicate that the engineering student needs to 
have a working knowledge of certain scientific and mathe- 
matical terms. 

Test III, Comprehension of Scientific Materials - Measures 
significantly the ability to comprehend the scientific prin- 


ciples presented in technical reading materials and to 
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interpret these principles when faced with specific instances. 

Test V, Comprehension of Mechanical Principles - Measures 
according to the discriminating items in the test the stu- 
dent's ability to comprehend the mechanical principle in- 
vovled in the operation of a mechanical device and to demon~- 
strate his understanding by applying the principle to 
specific situations, 

Mathematics.--The differential analysis clearly showed 
that this subject area was differentiated by Test IV, General 
Mathematical Ability. The abilities measured by this test 
as shown by the discriminating items in this test are as 
follows: 

a. The ability to solve formulas. 

b. The ability to express given written relationships 

in terms of formulas (algebraic formulation). 

c. The ability to express geometric relationships in 

terms of formulas. 

d. The ability to apply previous knowledge of basic 

geometric relationships to given situations, 

e. The ability to apply newly learned mathematical 

procedures and principles, 

f. The ability to perceive certain relationships im- 


plied in given formulas. 
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Chemistry.--No tests of the Pre-Engineering Inventory 
had definite differential value for this subject area. 

Test II, Technical Verbal Ability, and Test III, Comprehension 
of Scientific Materials, had some differential value for the 
Hakata crn nied Soest einem! dyticta to Widtferentiahi value 

for the interrupted freshman group 1 C. 

Physics.--No tests of the Pre-Engineering Inventory were 
found to have differential value for the subject of physics. 
Test II, Technical Verbal Ability, had slight differential 
value for this subject area for the freshman group 1 C but 
none for the freshman group ‘1 A. 


Engineering.--The differential analysis of the Pre- 


Engineering Inventory indicated that this subject area was 


clearly differentiated by Test VI, Spatial Visualizing Ability. 
Nearly all the discriminating ithhe were contained in Part I 
of Test VI. All of the items in this section of the test are 
of the-same nature and they measure the student's ability to 
visualize in terms of orthographic representation, 
Cultural.--This subject area was found to be discrim- 
inated by Test I, General Verbal Ability, and Test VII, 
Understanding of Modern Society. Test I measured the student's 
ability to recognize word meanings found in general reading 
material and attempted to determine the student's general 
vocabulary. All of the discriminating items in Test VII 


were contained in Part I. This section of the test measured 
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general information concerning American democracy. 

5. In order to determine the amount of overlapping and 
the relative imieneudenee of the sub-tests of the Pre- 
Engineering Inventory, intercorrelations among the tests 
were computed and a factorial analysis was made, On the 
basis of the factor analysis, the following relatively inde- 
pendent special abilities were found to be measured in the 
Pre-Engineering Inventory. 

a. Ability to demonstrate an extensive background of 
knowledge caries general vocabulary and general 
information on the American democratic society (meas- 
ured by Tests I and VII). 

b. Ability to comprehend basic scientife principles 
and concepts involved in technical reading passages 
quantitative data, and diagrams of mechanical 
devices, and to apply these principles to specific 
instances (measured by Tests III and V, and part of 
imi) 

c. Ability to perceive quantitative relationships and 
to work effectively with mathematical symbols and 
concepts (measured by Test IV and part of Test Nees ae 

d. Ability to visualize in terms of orthographic repre- 


sentation (measured by Test VI). 
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Suggestions for Further Development 


On the basis of the findings and conclusions determined 
in te study, some suggestions are made to serve as guide 
for the further development of special ability tests in 
engineering. 

1. The test battery should use various approaches in 
measuring special abilities and should experiment with new 
techniques. Some of the approaches which can be used are as 
follows: 

a, Miniature-task technique.--This technique has been 
explained previously and has been shown to have defi- 
nite possibilities in special ability testing. The 
tasks should be specific and care should be taken that 
the background of the student is not over-extended. 
This technique is well adapted to technical reading 
material, diagrams, and quantitative data. 

De Exercise-type of test item.--This approach consists 
of presenting the student with certain exercises 
which measure specific skills. This type is partic- 
ularly useful in measuring computational skills in 
Pe tees tics where the student is asked to solve 
mathematical exercises. 

c. Information-type of test item,--This type of approach 
calls for factual knowledge and general information, 
and can be used when measuring the general background 


knowledge of the student, 
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a. Projective technique. --This technique was not used 

in any of the tests or prognostic studies covered in 

‘ this study; however, it is suggested here as an 

experimental technique. Test items using this ap- 
proach are of an ambiguous nature to allow each stu- 
dent to project himself into various situations. 
Such a technique could be used in determining what 
activities the students imagine themselves to be 
doing in the future when they finish their training. 
This information along with other data could be use- 
ful in differentiating between students best fitted 
for terminal type or technical institute type of 
engineering training and students most likely to 
succeed in the theoretical type of engineering train- 
ing. 

2. The test battery should contain one test which predicts 
well for the general area of engineering study and does not 
necessarily discriminate for any of the subject areas within 
the pre-engineering curriculum. Each of the remaining tests 
should be highly discriminatory for at least one subject area 
if possible. Tests have been found in this study which 
differentiate for the mathematics, engineering, and cultural 
subjects areas. A study needs to be made to determine the 
distinguishing characteristics of the subject areas of 


physics and chemistry. These characteristics would serve as 
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a basis for developing discriminating tests in these areas. 
In the meantime, the results of this study indicate that 
measures of certain scientific terms and comprehension of 
certain reading material in these subjects have possibilities 
of discriminating for these subject areas. 
3. Regardless of content, the items in the test battery 
should require the following abilities: 
a. Perceive certain implicit relationships and prin- 
ciples. 
b. Give logical inferences and use good judgment. 
c, See the implications involved. 
ad. Draw on previous background in giving reasons for 
certain happenings. 
e. Distinguish between cause and symptom, 
f. Readily grasp new procedures and principles and 
apply them. 
g. Visualize movements and manipulate objects imagina- 
tively in three dimensions. 
h, Read carefully and accurately. 
Other abilities could be mentioned, but the ones listed 
above were found to be particularly significant in this study. 


4, The following is a suggested organization of a test 


. battery for use in the counseling and guidance of engineering 


students. The nature of the abilities to be measured have 
been listed above. Only the nature of content and validation 


will be listed below. 
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Special Abilities Test for Engineering 


General Cultural Background 
Content: 
a, General vocabulary. 
b. General information on social issues and affairs 
of society. 
c. Reading materials in social studies. 
Validation: 


Average marks made in cultural subjects and differential 
value for the cultural subject area. 


Interpretation of Technical Data 
Content: 
a, General technical reading material. 
b. Mechanical diagrams. 
c. Quantitative data. 
Validation: 
Average marks made in the pre-engineering curriculum 
and differential value for the general area of pre- 
engineering study. 
Mathematical Ability 
Content: 
a. Formulas and algebraic formulation, 
b. Mathematical concepts. 
c, Geometrical relationships. 
Validation: 


Average marks made in mathematics and differential 
value for the mathematics subject area. 


Spatial Visualization 
Content: 

a. Orthographic projections. 
Validation: 


Average marks made in engineering and differential 
value for the engineering subject area. 


esto touted teroned 
staodaoD f 


| “greldasov Lorene). a en 
mei witette Bes senael fatoon fo motramotel Lorem) fo 
.ytetoos to pee 

neihuss istoos ot alatteten gatbeeh 9 - 


“Mio Seb ELeY 


fatdnervettib ase aha Epa at eheet softwear eunrevl 
eete tootdon Lewtiuo edt tot elev 


stet Leotadoe? to soltaterguednt It 
sduvedtinoD 
istrotem gathwor Leoledoad Lorene a 
-omotmals Lentaedost id. 
«feet als evitad ttaaup is 
an itabhLey 
; wrtaotrive yilbreantgne-erg ods mat abme axa pee uc ; 
“oxy TO sete auawaind oly vot evlar LaldmoneRtis baw» Bers: 
chute giitseds lps | eae 
“ohetan Leo :Sament sai fs > 
:tereta09 3 
ttoktalaavre't 9 otetdagts bea anluerot ry Hh . 


’ .etqeonos Ieottametted .¢ 
desta can nite saohinnenen 8. Ras a 


| ‘eoktabtLsy 


Labinoreta2b Ses sutt ected sm nt eben askew eoeterh | fy 
OTe. foal dve metegetiee out tot outer, | 


nontaxtiorary Ips 


145 


V. Physics Aptitude 
Content: 
a, Physics concepts. 
b. Reading materials in physics. 
ce. Physical laws and relationships. 


Validation: 


Average marks in physics and differential value for 
the physics subject area. : 


VI. Chemistry Aptitude 
Content: 
a, Chemistry concepts. 
b. Reading materials in chemistry. 
c. Chemical relationships and principles. 


Validation: 


Average marks in chemistry and differential value 
for the chemistry subject area. 


VII. The Engineering Profession 
Content: 
a, Activities involved. 
b. Clearly defined purposes. 
c., Motivation and interest. 
Validation: 
Differential value between successful achievers in. 
the academic engineering program and successful 
achievers in the terminal or technical engineering 
program. 
The development of the first four tests can be made on 
the basis of the results found in this study. The remaining 
three tests would have to wait upon further studies made to 


determine the distinguishing characteristics of the physics 
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and chemistry subject areas, and of the groups of successful 
achievers in the two areas of engineering study. It is quite 
possible that these studies might reveal the impossibility 


or the infeasibility of such tests. 
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A Study of the Response of an Airplane 


~Landing Gear Using the Differential Analyzer’ 


WALTER C. HURTYt 
Unwersity of California at Los Angeles 


SUMMARY 


The response of a conventional airplane landing gear is studied 


“%“”py deriving and solving the differential equations of motion for 


the system. The resistance of the air-oil shock strut depends 
upon an orifice damping coefficient-and an exponent, y, which 
determines the air pressure as a function of volume. A study 
of experimental ‘‘drop-test”’ results on similar systems is made 
to determine these constants. The nonlinear equations of 
motion are solved by means of the differential analyzer for (1) 
the landing condition as simulated by a drop test and (2) the 
taxiing condition in which a periodic ground contour function is 
assumed. The differential analyzer solutions for the landing 
condition are compared with drop-test results on the same system. 


SYMBOLS 


x, x, x = horizontal components of displacement, ve- 
locity, and acceleration, respectively; posi- 
tive if directed in direction of motion of the 
airplane 


Z,2, 2 = vertical components of displacement, velocity, 
and acceleration, respectively; positive if 
directed up 

¢ = angle included between the shock-strut center- 
line and the vertical 

a = angle included between a tangent to the ground 
contour at the point of contact and the hori- 
zontal 

M = one-half of total airplane mass less m 

m = mass of “unsprung system’ including wheel, 
tire, axle, and shock-strut piston 

F, = axial force applied to shock strut 

G(y2) = normal ground force applied to tire 


20's 20" = derivatives of the ground contour function taken 
with respect to x¢ 

G = one-half of total aerodynamic lift on airplane 

g = acceleration of gravity 

r = wave length of ground sinusoid 

a = amplitude of ground sinusoid 

= angular frequency of excitation 


0 = 

Pa = air pressure in shock-strut cylinder 

Abs = pressure drop across orifice 

by = fluid pressure in shock strut below orifice 

d;,dy,dp = diameters, respectively, of shock air chamber, 
fluid chamber at orifice, and piston 

Qe, Ay, Gp = cross-section areas corresponding to diameters 
d,, dy, and dp 

MN = displacement of shock-strut piston measured 


from fully extended position 
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yo = tire deflection 

F(y) = force due to air pressure; function of », 

R(n) = damping function due to flow through orifice 

Ve = air volume in strut cylinder; function of y, 

V, = air volume when piston is fully extended 

Y = constant for polytropic compression and ex- 
pansion of air 

Nis Voi = initial values of y, and y2 at beginning of motion 

Q = quantity of fluid flow through orifice 

A, = orifice area 

Ca = orifice discharge coefficient 

Cp = orifice pressure coefficient 

kp = shock-strut constant = a,/V, 

h = height of free drop in drop test 


Subscripts A, B, and C refer, respectively, to the airplane center 
of gravity, the center of the wheel, and the point of contact of 
wheel with ground. Subscript so refers to snubber orifices. 


INTRODUCTION 


N THE DESIGN OF AIRPLANE STRUCTURES, it is becom- 

ing increasingly important to take into considera- 
tion transient states of stress, as well as steady-state 
stresses resulting from periodic forces applied to the 
airplane. An example of the emphasis placed upon the 
determination of such dynamic stresses may be seen in 
the many efforts that have been made in recent years 
to determine stresses in the wings of an airplane re- 
sulting from the landing impact.' ? The growing ur- 
gency of this problem has been brought about by two 
trends in airplane design: first, the use of thin wings 
demanded by aerodynamic considerations connected 
with high-speed flight; second, the disposition of items 
of considerable mass along the wing span outboard of 
the landing gear attachment points. Both factors 
reduce the natural frequencies of the wing in both 
bending and torsion and, hence, increase the likelihood 
of exciting large amplitude vibrations by means of 
ground forces. 


The calculation of bending and torsional vibrations 
of an elastic wing can be made by well-established 
methods of analysis provided the forces applied by the 
landing gear are known as functions of time. It is the 
purpose of this paper to outline a method of deter- 
mining such force functions in specific cases rather than 
to investigate the wing vibrations. Strictly speaking, 
the problem cannot thus be separated into two parts, 
since the motions of the shock-absorbing system and 
those of the vibrating wing are coupled. However, it 
has been shown? that the landing-gear forces can be 
determined with but a small error on the conservative 
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RESPONSE OF AN AIR 


TGawle 


Diagram of the system. 


side by considering the airplane as a rigid body, and this 
procedure is followed in the present investigation. 

The work reported here was carried out as part of a 
general analysis made in connection with the design of 
a particular airplane. In scope, the problem consisted 
of the determination, by analytical means, of the 
forces imposed on the wing by the landing-gear strut in 
landing and taxiing the airplane. Since the bending 
modes of vibration were of particular interest, only the 
vertical forces transmitted to the wing were found. 
The equations of motion derived for the two degree of 
freedom system are nonlinear and require for their 
solution the use of numerical analysis techniques or an 
analog computer. In this case, use was made of the 
mechanical differential analyzer located on the campus 
of the University of California at Los Angeles and oper- 
ated by the College of Engineering. This machine is 
extremely versatile and well adapted to the solution of 
nonlinear differential equations. 


EQUATIONS OF MOTION 


The system, shown in Fig. 1, consists of a mass M, 
representing the airplane; a conventional air-oil shock 


Sr(cos g + 2’ sin g) + ioV 1 + 20’? = Xa2Zq’ + ze'( 


= £420’ + zo'( 4 — 9, sin 


fie! sin g + 4 V1 + 26” 
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strut; and amass, m, representing the wheel, tire, axle, 
and shock-strut piston. Equations are derived for the 
motion of the system as the airplane rolls over an uneve 
ground surface at a constant velocity. From these 
equations we may write those pertinent to the landing 
case without difficulty. Energy dissipated by the tire 
is neglected, inasmuch as it will be small compared with 
that dissipated by the shock strut. Referring to Fig. 1, 
we may obtain the following velocity relationships 
useful in the derivation: 


%4 = Xo + Hsing + J sin a Cs 
24 = 2 —- 31 COS p — Vo COS a (1) ( 
xp = X%c + Jo Sin @ 
Zp = 2c — ¥2CcoS a 


Differentiating with respect to time, the following ac- 
celeration equations are written: 


X4 = Xo + hi sin g + je sin a + Joa cosa 

34 = 2 — Ji COS Y — Jocos a+ Sod Sina (2) 
Xp = Xo + je sin a + joa COS a 
Zp = 2% — JocosS a+ Hod sin a 


The equations of equilibrium of the vertical components 
of the forces at points A and B are 


—Mz, — Mg+ L+ F, cos ¢ = 0 (3) 


—mz, — mg + G(ye) cosa — F,cosg =O (4) 


We substitute for 2, and 2, their equivalents given by 
equations and express the equilibrium equations in 
terms of the vertical components of the accelerations 
at the ground contact point C. This, in turn, may be 
calculated if we know the velocity of the airplane 
and the ground contour function. 


Zc = Xo tan a (5) 

Zo = Xc tana + Xoa sec? a (6) 

tan a = 2’, seca = 1+ “7 (7) 
& = [20"/(1 + 2") Xe 


Finally, expressing %¢ in terms of %, from Eqs. (1) 
we can write the two equations of equilibrium as fol- 
lows: @ 


/ 


Zo 2 
+ 


XA Ok 2p Aa veamameeens 
1 + 2,” 


( 


Ib F, 
— a He (8) 


M 


Zo! 


Nora 16) Ae cp 0"? 


y+ 


~/ing parts essential to this discussion. 
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These equations are perfectly general in that they apply 
) any ground contour function we may choose as 


| g as the tire is tangent to the ground at not more 


an one point. Although no fundamental difficulty 
is encountered in attempting to solve the equations by 
the differential analyzer, they may be simpliffed for 
most practical cases without appreciable loss of ac- 
curacy. In the present problem, the strut angle ¢ is 
small for the taxiing attitude of the airplane. Also, 
the ground slope 2,’ is usually small compared with 

nity. Thus, Eqs. (8) and (9) may be simplified to 
@). following form: 


4a + te = Xa2e’ + 4220" + g[1 — (L/Mg)] — 
(F,/M) (10) 


Ne = tate + £470" + g - {[GO2) — F/m} (11) 


Considering the airplane velocity to be constant, the 
equations are finally arranged in the following dimen- 
sionless form: 


VE G(y2) 1 ( “) L 

2 SE ace aes eet Aik ag pclae ie he 12 

g mg mg i M. Mg es 
es * 2 , v G F, 
Sa athe G0) oh fey (13) 
g g mg mg 


It can easily be verified that Eqs. (12) and (13) apply 
to the landing condition on a level surface if we make 
Zo" zero and apply the proper initial conditions. 

It was of particular interest in this investigation to 
study the response of the system to excitation pro- 
duced by a periodic ground function. Therefore, the 
simplest periodic function, the sinusoidal wave, was 
chosen. 


Zo = (a/2) [1 — cos(2rx¢/h)] (14) 


This may be written as a function of time, and the 
dimensionless acceleration term may be expressed as 


X42Z0"/g = (aw?/2g) cos wt (15) 


It can be shown that the quantity aw?/2g is propor- 
tional to the ground reaction that would be developed 


oe the system were rigid. 
aT 


THE SHOCK-ABSORBING SYSTEM 


The shock-absorbing system consists of a conven- 
tional air-oil shock strut, such as used on most military 
and commercial airplanes, and a low-volume high load- 
capacity tire designed for airplanes having limited 
space for landing-gear retraction. The static and im- 
pact load-deflection characteristics are shown in Fig. 

Fig. 3 shows the shock-strut design with the work- 
The main orifice 
is metered as shown so that its area is a function of 
piston position. Snubber orifices are provided for re- 
bound control and are effective only during the ex- 
pansion stroke. 
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Fic. 2. Static and impact load-deflection characteristics of tire. 
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Fic. 3. Shock-strut design. 


During the compression stroke, the fluid pressure be- 
low the orifice is equal to the pressure p, and the pres- 
sure drop across the orifice Ap,. 


Lp = Pa + Ap, 


The compressive force on the piston is found by multi- 
plying these pressures by corresponding piston areas. 


(16) 
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O | be 3 4 5 


Tire deflection y, inches 


Fic. 4. Tire load-deflection function, G(ye). 


i =, Pal@, ae as) + pay — Pala, Py Ay) 


= Pally + APs (17) 


The air pressure p, is a function of piston position only 
while Ap, is a function of both position and velocity. 
We may write 


Fe = Oy ROWS 


To determine F(y,), it is assumed that the air pressure 
may be found from 


(18) 


baVq’ =.constant (19) 


where vy is a suitably chosen constant. We may write 
V, in terms of the air volume when the piston is fully 
extended. 


(20) 
Substituting in Eq. (19), the force F(y;) is obtained. 
(21) 


Ve = Ve = Opi 


F(y:) = constant X [a,/(V, — apy)" 


The constant depends upon the position of the piston 
and the force applied to it at the beginning of the mo- 
tion. Assuming that the air is initially at ambient 
temperature, we may consider the initial piston posi- 
tion to have been reached by an isothermal compres- 
sion from the fully extended position. This permits 
us to express F(y) in terms of the initial piston posi- 
tion and the force F, which holds the piston against 
the stops when extended. 
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F(y:) = (1 — boys) 7? [F,/(1 — Ky) 22) 


To determine the orifice function R(yi), we use ta, — 
equation for turbulent flow through orifices or ot 
restrictions. 


Q = C,AoV 2gh’ (23)6 


This equation may be used to give the pressure drop 
across the orifice in terms of orifice area and piston 
velocity. 


Ap, = (3.9 X 10~*)/ca”) (az/Ao) 51" e 


From this, R(y,) can be determined. For the co 
pression stroke it is given by the equation 


R(y) = (83.9 X 10-5/cq”) (a,°/A,”) 


During the expansion stroke, the flow conditions are 
more complex because of the behavior of the return 
flow through the main orifice and flow through the 
snubber orifices. As the piston moves outward, oil in 
the chamber above the orifice is forced by air pressure 
to flow downward through the main orifice. The 
pressure conditions are 


Pr = Pa ee Ap, 
Ps =\Pa th ART 


Under these conditions the force on the piston is given 
by 


(25) 


PF, = Pala, = ay) to Pyhy ae Ps(Q, in Ap) 
ae Paty rr Ap,ay ey: Ap,o( a, ep Ap) 


and the expression for R(¥;) is 


(26) 


3.9X 10% a? 3.9 X10 (a, — Gy)? 


Ri) = en A, oe A, 


(27) 


If the outward velocity of the piston becomes great 
enough, a critical velocity would be reached at which 
the resistance to flow through the main orifice would 


become equal to the pressure causing it. This con- 
dition would be characterized by the equation 
Ap p= p a (2 


At this velocity and beyond, the pressure py would 
drop to zero, and Eq. (26) would become 


ff; aa Pa(ay = ay) — Ap,,(4, Te Ap) (29) 
In this event we choose to continue to use Eq. (18), 
with suitable modification of R, which now becomes a 
function of velocity as well as displacement. We 
obtain it by letting Ap, = p, in Eq. (26) and substi 
tuting p, from Eq. (22). @ 


3.9 X 10 (@, — a,)® 
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NUMERICAL DATA 


Because Eqs. (12), (13), and (18), which make up 
@ system of equations to be solved, are nonlinear, 
their solution is sought in numerical form. Therefore, 
it is necessary to introduce the numerical data to be 
used in the specific example to be considered. 


The tire function G(y2) is obtained from the tire 
manufacturer’s data shown in Fig. 2. The impact 
characteristics are used in the analysis. However, the 
static characteristics are used to establish initial con- 

‘tions; hence, a rigorous treatment would require the 
Se of a different load curve for each initial tire deflec- 
tion considered. These, in turn, depend upon the 
weight of the airplane and the aerodynamic lift. Actu- 
ally, the differences involved are small and are ac- 
counted for by using two curves—one for the landing 
condition and one for the taxiing conditions. These 
curves are plotted in Fig. 4. 


1O?p.s.i. 


Pressure 


At the present time, it appears that the constants 
y and cg can only be obtained by direct experiment. 
As a part of this general investigation, a number of 
landing-gear drop-test oscillograph records were an- a 2 at ii aiean | 2 3 
alyzed in an attempt to determine them. These records Votunrel Oteuin: 
were obtained from drop tests on shock struts similar Fic. 5. Air pressure vs. volume from drop-test record. 
in size and design to the one considered in this prob- *% 
lem. Although many such drop tests have been made, 
not many include the direct measurement of air pres- 
sures throughout the compression and expansion 
strokes. Eight records in which air-pressure records 
were made were available for study, and the values of 
y and cq were based on results of the analysis of these 
records. Pressure-volume points from one of the 
records are plotted on logarithmic coordinates in Fig. 
5. It is seen that these points group fairly closely 
about the straight line representing y = 1.1, although 
in some of the records the scatter is somewhat greater 
than in the one shown. In all cases, the compression 
stroke begins with a y close to the adiabatic constant 
for air, decreasing in value as the compression stroke - 
progresses and then dropping still further at the end of 
the stroke and during the expansion stroke. The loop 
thus formed probably represents the heat loss through 

og walls of the strut during the process. From the 
‘Wecords studied, it is concluded that y is not a con- 
stant but that the heat transfer characteristics should 
be included in a rigorous study of such asystem. How- 
ever, from an energy standpoint, the error involved 
in taking y as a constant is not great, and this simpli- 
fication of the problem seems to be justified. For the 


solution of the present problem, a value of 1.1 was i: 6. Pressure drop Aare ee orifice from drop- 
chosen. 


do The determination of cq from the records is more The relationship between the two coefficients is 
ificult, and the values found show considerable 


scatter when plotted. It was found convenient to use Gy = 3.9X 107%/e4? (32) 
an orifice pressure coefficient, c,, defined by 


10° p:.S:4) 


Pressure drop 


| 2 3 456 10 ZOO 
Vel. at orifice 1|O°in./sec. 


The velocity of flow through the orifice is dependent 
Ap, = CyV,? (31) upon piston velocity and net orifice area, both of which 
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Fic. 8. Metering pin and orifice. 


may be determined from the piston displacement trace 
and metering-pin dimensions. 


Vz = (a;/A,) 1 


The pressure drop may be found if we know the damp- 
ing force. In analyzing the records, this force was 
assumed to be the difference between the total com- 
pressive force on the piston and that due to the air pres- 
sure already determined. This neglects the effects of 
friction, which should be taken into account at this 
point. Attempts to evaluate the frictional force were 


(33) 


TABLE 1 
Numerical Data 


Total stroke of shock strut 9700) ine 
Static to fully compressed 1.66 in. 
Air piston diameter, dp 5515 in. 
Air volumes: Compressed 19.67 cu.in 
Static 59.02 cu.in 
Extended 233.49 cu.in 
Fluid piston diameter, d; 4.75 in. 
Main orifice diameter 0.6875 in 
Rebound check: Inside diameter of cylinder, d, On OmenIID 


Number of snubber orifices 2 


f Diameter of snubber orifices 0.0625 in 
Specific gravity of fluid 0.834 
Airplane gross weight 46,460 Ibs 


Weight on main wheels in static position 40,580 Ibs. 
Weight of unsprung mass, per wheel 
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not successful because the test data were not suffi- 
ciently complete for this purpose. However, near the_ 
end of the compression stroke where the damping for: 
approaches zero, friction was found to be unimportant, 
as indicated by the fact that the measured force due to 
air pressure was nearly equal, in all cases, to the total 
force. Computed pressure drops were plotted against 
orifice velocity. A typical plot is shown in Fig.6. The 
points are widely scattered but fall between c, = 2 X 
10-* and c, = 5 X 10-°. An average value oi 3.5 X 
10-* is used in the majority of the differential analyzer 
solutions, although for comparison partial solutions 
the drop-test condition were made using values ranging™ 
between 2.5 X 10-' and 4.6 X 10~°. For reverse flow 
through the main orifice, cg is taken as 0.52, which is 
the value generally used for re-entrant tubes. The 
snubber orifices are small drilled holes with square 
edges, for which the coefficient is 0.61. The remain- 
ing data required to determine F(y1) and R(y:) de- 
pend on the dimensions of the shock strut and are listed 
in Table 1. Curves of R(y) as used on the differential 
analyzer input table are shown in Fig. 7 and represent 
the function as derived for the metering pin shown in 
Fig. 8, as well as for pins having slightly smaller diam- 
eters at the large end. The latter curves were included 
to study the effect of metering-pin taper. 


DIFFERENTIAL ANALYZER SOLUTIONS 


Inasmuch as several excellent papers*~> are avail- 
able which describe machines of the type used in the 
solution of the present problem, no further description 
is included here. A schematic diagram of the machine 
circuit is shown in Fig. 9. Equipment used included 
eleven integrators; two input tables for introducing the 
functions G(y2) and R(y1); and three output tables on 
which were plotted 1, ye, 31, j2, and F;/Mg as func- 
tions of time. The function F(y,) was generated in 
the machine by using two integrators—one with in- 
verted input and output connections for generating the 
logarithm of (1 — py). 

In order to begin the solutions on the differential 
analyzer, the initial conditions to be imposed must be 
known. These conditions determine the initial dis- 
placements of the integrators and the input and outpu 
tables. In the landing conditions, the motion consists 
of two phases: the first beginning at the instant of con- 
tact between the tire and the ground and consisting of 
tire deflection only. The shock-strut piston does not 
move relative to the cylinder during this phase because 
the initial force F, is greater than the external force 
applied to the strut. The solution in this case may be 
found by making minor modifications to the machine 
circuit such that j = j1 = yi = O during this period. 
The initial conditions, then, for the landing condi- 
tions are those that exist at the instant of ground con- 
tact. 


M=n=0. vw = 0, yo = W/2gh 
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Fic. 9. Schematic diagram of differential analyzer circuit. 


In(I-ky) (I-ky,)” 


In the taxiing cases, the initial conditions were 
determined by considering the airplane to roll into the 
sinusoidal ground surface from a smooth horizontal 
plane. The system was considered to be in static 
equilibrium initially, and the deflections y, and yp» 
were found as follows. The tire deflection was taken 
from the static load-deflection curve of Fig. 4 for the 
condition 


Gis) = (MF m)gi— L 


The initial piston deflection was determined by con- 
sidering the air to have undergone an isothermal com- 
pression from the extended position. This permits 
expressing y, in terms of the equilibrium force on the 
piston which, in turn, is equal to Mg — L. Thus, we 


write 
a 1 
ae | Ook 
Vu kp | 


The remaining arbitrary initial values are j, = jo. = O. 
These four initial values, together with those for jj, and 
2 which may be determined from Eqs. (12) and (13), 
are sufficient to set all the initial displacements in the 
machine. The solutions are obtained by setting the 
machine in motion and by allowing it to continue until 
he desired information is obtained. In the drop-test 
solutions, curves were plotted through the compression 
and subsequent expansion strokes to the point at which 
the tire left the ground on rebound. Beyond this 
point, the equations are no longer valid. In the taxi- 


beeen 5 12 | 
1 — (L/Mg) 
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ing solutions, the objective was to obtain steady-state 
oscillations of the system. Therefore, the solutions 
were continued until the transients were damped out 
and the motion during one oscillation was reproduced, 
or nearly reproduced, in the next. 


RESULTS 


The drop-test solutions were carried out in anticipa- 
tion of an experimental drop-test program on the same 
system. Accordingly, the data used in the solutions 
were chosen to agree with the anticipated experimental 
conditions. It is unfortunate for the purpose of com- 
parison that the experimental tests, which were con- 
ducted nearly a year after the numerical solutions were 
obtained, were carried out under somewhat different 
conditions so that exact comparisons cannot be made. 
However, some conclusions can be drawn which indi- 
cate that the analytical approach using the equations 
derived in this paper can be used with good results. 

Differential analyzer solutions were obtained for 
the metering pin shown in Fig. 8, as well as for the vari- 
ations in this pin indicated on the R(y,) curves of Fig. 
7. Curves for a representative solution are shown in 
Fig. 10. In addition, partial solutions were made for 
a slightly different pin, not shown, which was subse- 
quently used in the experimental tests and to which we 
shall refer as the “‘test pin.” Solutions for this pin 
were not completed because they indicated that, for 
the gross weight considered and for the 27-in. free 
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drop, the tire would completely bottom, producing a 
peak load in excess of that permitted in the design speci- 
fication. However, the ‘“‘test pin’ was used in the 


experimental tests with a lower gross weight, which’ 


permitted it to be used without causing the tire to 
bottom. Our comparison, then, must be made for 
different gross weights and only over that interval of 
time for which the differential solution was carried out. 
Curves A and B of Fig. 11 show, respectively, the ex- 
perimental and analytical results for the “test pin” and 
show close agreement up to the point at which the tire 
bottoms. The weight difference does not nullify the 
comparison, inasmuch as experiments show that weight 
is a secondary factor in determining the load-factor 
curve provided given static tire and piston deflections 
are maintained. Curve C in the same figure is the 
analytical solution for the metering pin shown in Fig. 
8. This pin is 0.1 in. larger in diameter at the end, 
which causes the load to increase more rapidly at the 
beginning of the stroke and gives the higher efficiency 
necessary to absorb the energy without bottoming the 
system. This curve is included to show the corre- 
spondence with the experimental curve during the ex- 
pansion stroke. Reasonable agreement may be ex- 
pected here, inasmuch as the expansion stroke is con- 
trolled largely by the snubber orifices, which were the 
same for both curves. In Fig. 12, the same three 
curves are shown plotted against piston position. 

The primary objective in carrying out the solutions 
for the taxiing case was to determine the maximum 
response amplitudes corresponding to a state of reso- 
nance. Calculations carried out for a linearized system 
in which damping was neglected indicated that the 
lower natural frequency was near w = 10 rad. per sec.; 
therefore, a frequency range of 5 S wS 20 was investi- 
gated. It was found that a value of 0.25 for aw?/2g 
represented the maximum excitation that could be 
permitted without bottoming the system or causing the 
tire to rebound. The response curves for this value of 
aw?/2g plotted over the above frequency range are 
shown in Fig. 138. A maximum response at w = 10 
rad. per sec. is clearly shown. A representative solu- 
tion as plotted by the differential analyzer is shown in 
Fig. 14. The amplitude of the ground sinusoid corre- 
sponding with the maximum excitation at resonance 
may be calculated. 


29 (aw\  2(386 
es (=) eee) (0.25) = 1.93 in. 
ye ine 


It is of some interest to compare the natural frequencies 
of the system as obtained from the differential analyzer 
solutions with those calculated using an idealized sys- 
tem in which no damping is present and linear tire and 
shock-strut spring characteristics are assumed. In this 
linear system, the actual tire load-deflection curve is re- 
placed by a straight line tangent to the curve at the 
point of equilibrium. The shock-strut function F(y1) 
is replaced by a linear function whose slope is obtained 
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plotted as functions of time. 
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by substituting the equilibrium value of y; in the first 
derivative of Eq. (22). The differential equations ob- 


@ jaincd for such a system are linear, and their solution 


yields, for this example, angular frequencies of 10 and 


157 rad. per sec. The lower frequency may be verified 
by measuring the period of oscillation from Fig. 14. 
In this mode, the motions of the piston and tire are 
essentially in phase. The higher frequency oscillation 
can be detected during the first 0.2 sec. of motion, par- 
ticularly on the velocity curves. The measured period 
is approximately 0.04 sec., which agrees well with the 


@® valculated frequency. It is seen that in this mode 


the tire deflection and piston deflection are 180° out of 
phase. 


CONCLUSIONS 


By means of the equations and methods given in this 
paper, the response of, and loads on, a conventional 
airplane landing gear in landing and taxiing may be 
found. 

Comparison of the differential analyzer solutions 
for the landing condition with experimental drop-test 
results show good correlation for the example treated. 
More extensive and exact comparisons should be made 
for further verification of the method and numerical 
data used. In this connection, the use of more com- 
plete instrumentation in drop-test programs to aid in 
the evaluation of strut air pressures, temperatures, and 
frictional forces would be extremely valuable. On the 
basis of present available data, values of 1.1 and 3.5 X 
10-5, respectively, were chosen for y and cp. 

The natural frequencies of the landing-gear system 
can be calculated with good accuracy by considering 
an idealized system with no damping and linear spring 
characteristics. 
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The Summation of Fourier Series by Operational Methods 
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Department of Engineering, University of California, Los Angeles, California 
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A method for the summation of certain types of Fourier series by the use of Laplace transforms is pre- 
sented. The procedure enables one to easily obtain graphical representations of functions defined by Fourier 


series in many cases of practical importance. 


I. INTRODUCTION 


N the mathematical analysis of problems in electric 
circuit theory, mechanical vibrations, heat conduc- 
tion, and other branches of mathematical physics, one 
frequently arrives at solutions that are expressed in the 
form of infinite Fourier series. In many cases, it is more 
convenient to have the solutions of these problems 
expressed in closed form for purposes of calculation. 
Oliver Heaviside! in the second volume of his Electro- 
magnetic Theory used his rather informal “resistance 
operator” methods to interpret and sum Fourier series. 
As is well known, his mathematical processes were 
sometimes open to question. However, his methods 
frequently lead to useful results most simply, and he 
himself said in several instances, “I feel quite certain 
that this could be shown by conventional mathematics.” 
It is the purpose of this discussion to present a method 
for summing certain types of Fourier series of frequent 
occurrence in applied mathematics by the use of the 
modern Laplace method of the ‘‘Operational Calculus.” 


II. FUNDAMENTAL TRANSFORMATIONS 


The method to be described is based upon the fact 
that certain hyperbolic functions can be expressed as an 
infinite series of exponential functions. If we use the 
notation, 


A;,=e—*#?=exp(— kap) (2.1) 
then the following expansions may be written 
tanh(ap) = 1—2A2+2A,—2Ac+..., (2.2) 
coth(ap)=1+2A2+2Ay+2Ac6+..., (2.3) 
——— = (Ai + AstAstArt:::) (2.4) 
sinh(ap) 
=2(4,;—A3+A;—A74+- = >) (2.5) 


cosh(ap) 


a is a positive real number, and # is a number whose 
real part is positive. 
By the use of a method due to Mittag-Leffler,? it is 


10. Heaviside, Electromagnetic Theory (D. Van Nostrand Com- 
pany, Inc., New York, 1925), Vol. II, pp. 107-119. 

2 E. T. Whittaker, and G. N. Watson, Modern Analysis (Cam- 
bridge University Press, London, 1927), pp. 134-136. 
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possible to obtain the following expansions, 
2 


apl1+(x/2ap)? 


tanh(ap) = 


i! 1 
= + ee | 
1+(3m/2ap)? 1+(5a/2ap)? 
2 ow 1 


us Sais ~, (2.6) 
ap = 1+ {[(2n—1)4 \/2ap}? 
coth(ap) 
1 1 : 
erat ent 
ap| 14(x/ap)? 14+ (2n/ap) 
1 2) 
-—|1+¥ ——_}, ie 
apl = »=1 1+-(nx/ap)? 
d 
1 - 3m 
Sf teats = 
ap l1+(n/2apy? 1+(3x/2ap)? 
1 » (—1)(2n—1)xr \ 
aya Be = 8) 
ap? n=1 1+ (n2/2ap)? 
1 
sinh(ap) 


1 2 2 
7 {1 a Re 
ap\  1+(n/ap)? 1+(2n/ap) 


1 ra 2 
eee! 1S ot — 2.9 
All 2 | 1+ (n2/ap)? oy 


It is possible to expand other combinations of hyper- 
bolic functions in a similar manner, however, the above 
expansions are sufficient to illustrate the general prin- 
ciples of the method to be described. 


Ill. THE LAPLACE TRANSFORMATION 


Modern rigorous “operational calculus” is based upon 
the Fourier-Mellin integral equations.* 
3L. A. Pipes, Applied Mathematics for Engineers and Physicists 


(McGraw-Hill Book Company, Inc., New York, 1946), Chapter 
XXI. 
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These equations state that, if 


Hes | e-P'h(i)dt, (3.1) 
ae 1 ee (p)er'd 
ea ees (3.2) 
21] c— Jo p 


where j7=(—1)? and c is a real constant of such magni- 
tude that the poles of the integrand lie entirely to the 
left of the path of integration. For brevity, the notation 


g(p)=Lh(t) or h(t)=L-'g(p) (3.3) 


is used to denote the above relations between the func- 
tions g(p) and h(t). The function g(p) is said to be 
the Laplace transform of A(#) and the function A(é) 
is said to be the inverse Laplace transform of g(f). 
Extensive tables of Laplace transforms have been com- 
piled.? In this discussion we require the transforms of 
the sine and the cosine. These transforms are given by 


nwp nw 
L sin(nwt) = =—- (3.4) 
P+nw? p 1+(nw/p)? 
and 
P 
L cos(nwt) = (3.5) 


P+ (nw)? 1+ (n/p)? 


Another result of the theory of Laplace transform 
that is required is the following one.’ 
If 


I"g(p)=h(d) (3.6) 
then 


0 t<k 
L-te-#96(p)= 


(3.7) 
h(t—k) 


t>k, 
where & is a positive constant. 


IV. SUMMATION OF FOURIER SERIES 
The general method of summation will now be il- 
lustrated by applying it to several special cases. 
Example I 


In certain investigations of physical problems the 
following Fourier series is obtained: 


F(t) =4[ (sint/1)+(sin3t/3)+ (sin5¢/5)+--- ] 


o sin(2n—1)t 
=4 >> ———— _#>0. (4.1) 
nm=1 (2n—1) 
The Laplace transform of the function F(t) repre- 
sented by the series (4.1) may be obtained by taking 
the Laplace transform of each term of the series using 
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(3.4). In this manner one obtains 


4 
LF()=-| —__ 

pli+(1/p)? 

1 1 
+ ee + (4.2) — 
1(3/p)? 14677 
We now note that, if in Eq. (2.6) we let 

ap (4.3) 


then we can express the series term of (4.2) in the fol- 


lowing form: 


1 1 1 
Preaaeernccirrenn . | 
1+-(1/p)? 14-3 / pit I O/p) 


=ap/2tanh(ap). (4.4) 
Hence, comparing (4.2) and (4.4) we see that 
LF) =2e tanh(ap) =tanh(rp/2). (4.5) 
We now use the expansion (2.2) and obtain 
LF, (t) = x[1—2e-7?+4 2-2? — 2e 477+... |. (4.6) 


This is the Laplace transform of the Fourier series 
(4.1). To obtain the inverse Laplace transform of (4.6) 
and then obtain a representation of the series (4.1) we 
use the result (3.7). The inverse Laplace transform of 
the first term of (4.6) is a step function of height + 
formed at t=0. The inverse transform of the second 
term is a step function of height —2m formed at t=7. 
The inverse transform of the third term is a step func- 
tion of height +27 formed at t=2 and so on. The sum 
of all these step functions is illustrated in Fig. 1. 


Example II 


As a second example let it be required to interpret 
the following Fourier series that occurs in certain 
electrical and heat conduction problems. 


IES pod nil 
Fi(t)=- >> - sin(). 
5 


T n=1 0 


(4.7) 


By the use of (3.4), the Laplace transform of (4.7) is 
obtained and is given by: 


LFA) 2 . nT 1 
Na) eee 
; a n= nsp1+(nr/sp)? 
12ico 
eens + 34-8) 
sp n=11+(n1/sp)? 
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If we now compare (4.8) with (2.7) it is seen that 
we have, 
LF.(t)=coth(sp)—1/sp. (4.9) 


By the use of (2.3) this may be written in the follow- 
ing form, 


LF4(t)= (1—1/sp-+2e%?-+ 2e49?-+ 2e*?-+...). (4.10) 


To obtain the inverse transform of Ff; we note that 
the inverse transform of the first term is a unit step 
function, the inverse transform of the term —1/sp is 
—1/s, the inverse transform of +2e~**? is a step function 
of height that begins at ‘=2s, etc. The sum of the 
various transforms gives the function F2(t). The result 
is given graphically in Fig. 2. 

This figure is a graphical representation of the Fourier 
series F'2(t). 


Example III 


As another example, let it be required to obtain the 
graph of the following Fourier series: 


F;(t) = (sint—} sin2#+3 sin3t— ---) 


n=1 


“0 1 
=—) (—1)™sin(nt). (4.11) 
n 


In this case we transform (4.11) by the use of Eq. 
(3.4) and note the similarity to Eq. (2.8). Then the 
expansion (2.4) gives the result 


LES) =(1/p—2re-*? —2ne**?— re *7?--.. .). (4.12) 


Now the inverse transform of 1/p is /, the inverse 
transform of —27e-*? is a step function of height — 27 
that begins at ‘=, etc. The sum of the various inverse 
transforms is F;(/). This function is given graphically 
in Fig. 3. 


Picee2: 


Example IV 


An interesting series which arises in the analysis of 
the propagation of charge along a cable will now be con- 
sidered. This series represents a row of impulses and the 
function it represents is important in the analysis of the 
disturbances created when lightning hits a transmission 
line. The series to be considered is the following one: 


2 n=0 NX nib 
F,(x)=- > sin(“)sin( =). 
S n=l S S 


To study this series more easily, the product of 
sines may be transformed into two cosines and written 


(4.13) 
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in the following form: 


Fi(x)=- 


5 n=l 


1 n= nn(x—b) cosnm(x+b) 
E = |: (4.14) 


5 5 


Let us first consider the first series of (4.14) and let, 


i=x—b. (4.15) 
This series may be written in the form: 
1 nist 
(== ¥ cos“) (4.16) 
§ n=l > 
By (3.5) it can be transformed to: 
1 w 
Lo=- 2 (4.17) 


cos—————— 
sn=1  1+(n/sp) 


By the use of Eqs. (2.7) and (2.3) this may be written 
in the form, 


Lo(t)=p/s(1+2e2?-++2e#?-+...). (4.18) 


s1Gano: 


To obtain the inverse transform of this function we 
note that,? 
I p= 6(2). 


The function, 6(¢), is an impulse function known in 
the literature as the Dirac function. It has the following 
properties: 


(4.19) 


0 t40 
5) =| (4.20) 
o, f=0 
and 
-+co 
f 6(t)dt=1. (4.21) 


As a consequence of (3.7), the inverse transform of 
(4.18) is 


o(t)=1/s{6(t)+-26(t— 2s)+26(t—4s)+... ]. 


We note that the first term is an impulse at i=x—6b=0 
or at x=b. The second term is an impulse located at 
i=2s or x=2s+b, and so forth. The second series of 
(4.14) may be transformed in a similar manner if the 
substitution f=x-+b is made and it can be shown that 
this series represents a row of negative impulses at 
“x= —b, x=2s—8, etc. A graphical representation of the 
function F4(x) defined by (4.13) is given in Fig. 4. 

The function F4(«) is zero for all values of x except 
at the places where it has the values of positive and 
negative pulses of the Dirac type. 


(4.22) 
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V. GENERAL CONSIDERATIONS 


The general Fourier series may be written in the form: 


F(tj)=Aot)>d Ax cos(nwt)+ >) B,sin(nwt). (5.1) 
n=l n=1 
The coefficients 4, and B, are known functions of x. 
By the use of Eqs. (3.4) and (3.5), it is possible to 
transform (5.1) into 


)=Atd Beg dic! 
LF(t)=2 fae Seach atid Bh, ye MH le MED 
ON" ret 1 (n/p)? p m= 1+ (rrw/p)? 


The success of the method of interpretation described 
in this discussion depends upon the possibility of 
effecting the summations of (5.2) by the use of the 
Eqs. (2.6)-(2.9) or by formulas derivable from them. 


(5.2) 
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The interpretation of the Fourier series can then be 
carried out by the use of Eqs. (2.2)—(2.5) or combina- 
tions of these expansions. 

In many cases, however, the summation of the frac- 
tions of (5.2) may present insurmountable difficulties 
and in such cases, this method of interpretation is not 
applicable. 
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A Time-Motion Study by Methods of 
High-Speed Cinematography 


By Henry W. Baer, Bernard F. Cohlan 


and Arthur R. Gold 


In this paper an attempt has been made to evaluate a method of motion 


study pertaining to moving machinery. 


The test object was a 13-ton ca- 


pacity punch press and the motion study was performed with a high-speed 


motion picture camera. 


It is shown that the motion picture camera pro- 


duces: (1) a visual indication of the actual occurrence which allows an 
understanding that nonvisual means could not afford; (2) a method of 
study which does not influence the system studied in the least; and (3) 
a record of the occurrence which has very little inherent error. 


HE ADVENT of high-speed cinema- 

tography places a valuable tool in 
the hands of the research worker. Mo- 
tion picture photography has already 
proved itself in many phases of science, 
but in some cases it is necessary to test 
its applicability and determine the error 
in the resulting record. 

A common method of investigation of 
moving machinery has been the use of 
recording devices such as strain gage 
bridges, oscillographs, photoelectric 
cells, and others. In this investigation 
an attempt has been made to determine 
the merits of data obtained from a high- 
speed motion picture camera. 

All tests were conducted in one of the 
Engineering Research Laboratories of 


A contribution submitted August 28, 
1950, by Henry W. Baer, Bernard F. 
Cohlan and Arthur R. Gold, as a report of 
experiments conducted in the Engineering 
Research Laboratories, Dept. of Engi- 
neering, University of California, Los 
Angeles 24, Calif. 
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the University of California, Los Angeles 
campus. The research was conducted 
by the writers who were under the gen- 
eral direction of Professor D. Rosenthal, 
and with technical advice of Mr. A. 
Keller for the use of high-speed photo- 
graphic equipment. 


Description of Equipment 

A standard 13-ton capacity punch 
press was chosen as a typical example of 
moving machinery. As a result of a 
previous investigation,* it was possible 
to operate the press near its full capac- 
ity. The load simulator consisted of a 
steel, cone-shaped indentor penetrating 
an aluminum block. Aluminum was 
chosen to reduce wear on the indentor, 
thus eliminating a variable due to 
changes in indentor form. The punch 


* The previous investigation consisted 
of a thorough stress analysis of the entire 
punch-press structure to determine the 
maximum allowable load for continuous 
operation. 
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Fig. 2. Load simulator. 


Fig. 3. Kodak High-Speed Camera. “thas wes d 
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press and load simulator are shown in 
Figs. 1 and 2. 

The photographic measurements were 
obtained by a Kodak High-Speed 
Camera (see Fig. 3). This camera uses 
16-mm film and has a maximum speed of 
3000 frames/sec. The lens used was of 
21-inch focal length. 

Only ram displacements were re- 
corded. A pointer attached to the ram 
was photographed against a stationary 
scale along with a small clock marking 
time (Fig. 4). The clock was calibrated 
in milliseconds which proved to be of 
sufficient sensitivity for the purpose. 
High-speed motion pictures of the 
pointer, the scale, and the clock were 
taken while the press was in motion, 


The force exerted by the ram was 
determined by an inked stylus oscillo- 
graph with a null-type strain gage bridge 
input. This force was determined from 
the elastic strain induced in the press 
tie rods (Fig. 1). To this end a pair of 
electric strain gages was mounted on 
each tie rod (Fig. 5). The strain gages 
in each pair were connected in series to 
eliminate the effect of accidental bend- 
ing. The record of force was calibrated 
by loading the ram statically. This 
calibration of force was considered as an 
approximation only since the actual 
loads were dynamic ones. The time 
constant of the oscillograph was such 
that only the average value of force 
could be measured with reasonable accu- 


Fig. 4. Ram, pointer, stationary scale and clock. 
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60 Cyctes 


Fig.5. Schematic arrangement 
of electric strain gages. 


Fig. 6. Section of recording 
film (X4). 


\ 
\ 


racy; therefore, the force indication was 
used only as a guide to operation within 
the capacity of the press. 


Experimental Procedure 


Experimental data were obtained 
from photographic recordings of the 
press operation. The operation con- 
sisted of repeated impacts between the 
indentor and the aluminum specimen, 
simulating an actual punch-press oper- 
ation. The resulting films were trans- 
lated into ram displacement vs. time 
curves to facilitate study. 

These data were reduced by taking 
readings of time and displacement from 
the film (see Fig. 6) by means of a low- 
power binocular microscope. The 
maximum error incurred in the time 
measurement was estimated ‘to be 1 
msec (millisecond) and the maximum 
error in the displacement measurement 
was estimated to be 0.005 in. The re- 
duced photographic data are shown in 
Fig. 7. Two curves are shown, one for 
load, and one for no-load motion of the 
ram, 


Experimental Results 


The no-load curve is essentially a co- 
sine curve with an amplitude of 1.25 in. 
and a period of 460 msec. The load 
curve departs from a cosine curve during 
impact and after impact it returns to a 
cosine curve as the flywheel returns to 
no-load energy conditions. The dis- 
placement amplitude due to this load is 
1.19 in. and its period is 480 msec. The 
difference of 0.06 in. in amplitude be- 
tween load and no-load curves can be 
attributed to clearance between. press 
components which manifests itself as 
backlash. The load curve indicates 
that the ram came to rest upon impact 
and remained at rest until the backlash 
was taken up. Upon absorption of the 
backlash the indentor was driven into 
the specimen. This portion of the 
stroke actually did the plastic and elastic 
work, At completion of the work inter- 
val the ram force was removed and the 
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stored elastic energy raised the ram. 
Here again the ram remained stationary 
during the absorption of the backlash 
and then accelerated to a normal energy 
condition with respect to its position. 


Analysis of Results 


The value of a photographic analysis 
of this type can be demonstrated in two 
ways: (1) by a comparison of the experi- 
mental findings with the expected theo- 
retical performance; and (2) by the de- 
tection of occurrences that would not 
ordinarily be expected from theoretical 
considerations. In accordance with 
the first principle the following theo- 
retical discussion will indicate a good 
correlation between the experiment and 
theory. 

Since it is reasonable to assume back- 
lash in the driving mechanism—and a 
simple calculation reveals that the in- 
dentor velocity is relatively small when 
impact occurs—, it can readily be seen 
that little work can be done until all 
backlash has been taken up. Therefore, 
it is reasonable to believe that the in- 
dentor comes to rest for a short period of 
time, while the backlash is absorbed. 
At the end of this time further pene- 


No-Load Curve 
Load Curve 


Displacement, in Hundredths of an Inch 


O 4 8 1216 20 24 28 32 36 40 44 48 
Time, in Hundredths of a Second 


Fig. 7. Displacement-time curves. 
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tration occurs until the limit of the 
stroke has been reached. Before the 
ram can again be lifted the backlash 
must once more be taken up. During 
this time the indented metal gives up its 
elastic energy to the ram, thus lifting it a 
short distance. Here again the ram re- 
mains at rest while the backlash is ab- 
sorbed. At this point the ram under- 
goes motion which does not seem con- 
sistent with the predicted path indicated 
by the no-load curve. This is an occur- 
rence which was not predicted from 
theory and which indicates the sensi- 
tivity of the method. At first thought 
it would seem that the ram could not be 
lifted until a time later than that indi- 
cated by the no-load curve for the same 
displacement. The subsequent discus- 
sion appears to substantiate the experi- 
mental findings just described. 

During the impact of the ram with the 
specimen the flywheel and motor speed 
greatly decrease. Consideration of the 
torque-speed characteristics (Fig. 8) of 
an induction motor shows that slightly 
decreased speed is associated with a 


Operating Point at No Load 


Operating Point at 
High Load 


Torque 


Fig. 8. Speed-torque characteristics. 
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Fig. 9. Schematic displacement- 
time curve. 
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highly increased torque. Since in in- 
duction motors the assumption is made 
that the torque is proportional to the 
current, it seems reasonable that a 
torque requirement change will cause a 
current change. This shows that dur- 
ing impact a current surge occurs. 

Examination of Fig. 9 shows that the 
flywheel and motor see no load from 
points A to B and a large load from 
points B to C. During the period A-B 
the motor tends toward zero slip and 
during period B-C the slip increases 
to some large value. This change in 
speed and torque causes a large surge of 
current which tends to continue into the 
period C—D due to the inductive proper- 
ties of the motor. This surge current 
could accelerate the driving system to a 
point where it could lift the ram at an 
earlier time than that indicated by the 
no-load curve. Under this high acceler- 
ation the flywheel would return to a 
normal energy level in an extremely 
short time after impact, as was actually 
indicated by the experiment. 

Thus the high-speed camera has 
shown an occurrence that could have 
been overlooked by a recording system 
which possesses a lesser degree of per- 
ception. 


Final Evaluation of High-Speed Cine- 
matography 

1. Versatile; can be adapted to a wide 
variety of uses. 

2. The photographic equipment is 
stable and unaffected by surrounding 
conditions. 

3. The film provides a reliable and 
permanent data record. 

4. The equipment requires a mini- 
mum of installation time for time- 
motion studies. 

5. The method allows direct visual 
study of high-speed occurrences. 

6. The photographic method does not 
alter the system being studied as the sys- 


tem is completely isolated from the re- 
cording device. 

7. The error introduced in translation 
from the film to the reduced form is neg- 
ligible in most applications. 

8. The ability of the photographic 
method to detect rapid changes is 
limited predominantly by the maximum 
camera speed. Its ability to detect 
small magnitude changes is limited pri- 
marily by the magnifying and resolving 
power of the lens and also by the grain 
size of the film. These limits far exceed 
the limits of other recording systems of 
comparable cost and complexity. 

9. The photographic method has a 
disadvantage in that the experimental 
record cannot be used until the film has 
been processed which means delay and 
increased research cost. 


Recommended Further Studies 

In subsequent studies of the problem 
an attempt should be made to use high- 
speed cinematography in the determi- 
nation of the following factors related to 
a punch-press operation: 

1. What are the energy-time relations 
between flywheel and ram under several 
kinds of simulated loads? 

2. What percentage of its kinetic 
energy does the flywheel lose during the 
interval of maximum work? 

3. Is there a lag between minimum 
flywheel energy and maximum force 
exerted on the ram? 

The above factors should be investi- 
gated by high-speed cinematography 
methods by establishing relationships of 
time functions of displacement, force, 
and flywheel revolution rates. It is 
hoped that a satisfactory answer to the 
above additional questions in conjunc- 
tion with the data as presented in this 
paper could serve as a guide in future 
punch-press design. The recommended 
experiments would also demonstrate the 
utility of high-speed cinematography. 
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Transient Loading of Supersonic 


Rectangular Airfoils’ 


JOHN W. MILESt 
Unwersity of California at Los Angeles 


SUMMARY 


The results of earlier papers are used to calculate the lift and 
moment coefficients for a rectangular airfoil that experiences a 
sudden change in angle of attack (without rotation) in an other- 
wise uniform supersonic stream or which enters a sharp-edged 
gust. The results are valid when the Mach lines from the lead- 
ing-edge corners do not intersect the opposite side edges. Nu- 
merical results are given in the form of curves. 


(1) INTRODUCTION 


ie INDICIAL ADMITTANCE of a system is defined as 
its response to a step function excitation. In the 
present situation, it is desired to calculate the pressure 
distribution along a spanwise strip x of a rectangular 
airfoil due to an angle of attack along a second spanwise 
strip —, which has the value zero before t = (£) and 
unity thereafter. This result, which is essentially the 
Green’s function for the problem, may then be used to 
find the response of the airfoil to an excitation that has 
an arbitrary distribution in space and time. 


NOTATION 
A.R. = aspect ratio (ratio of span to chord) 
= lift coefficient, Eq. (2.10) 
= moment coefficient, Eq. (2.11) 
= Bessel function, first kind, zero order 
= Mach Number (ratio of free-stream velocity to sonic 
velocity) 
= free-stream velocity 
= time required to reach steady state, Eq. (4.3) 
= indicial admittance, Eqs. (2.7), (3.4), and (3.6) 
chordwise velocity distribution, Eq. (2.3) 
= Green’s function for harmonic excitation, Eq. (2.2) 
= (M — 1)/M 
= (M+ 1)/M 
= gage pressure 
= time 
= time at which disturbance arises at point £, Eq. (2.5) 
= (x — &)/U(E — to) 
= chordwise coordinate (Fig. 1) 
= downwash angle (Fig. 1) 
= (M?— 1)! 
= dimensionless pressure, Eqs. (2.8) and (2.9) 
= Dirac delta function, Eq. (2.4) 
= small, positive, real constant, Eq. (2.5b) 
= Mach angle (sin~!1/M, Fig. 1) 
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E = running value of x 

p = air mass density 

T = dimensionless time, Eq. (4.4) 

3) = angular frequency 

The indicial admittance for the two-dimensional 


supersonic airfoil has been obtained by several writers! ~~ 
through a variety of approaches. The method to be 
used in the present analysis is that of reference 4, 
wherein the indicial admittance was determined from 
the transfer function—which is to say that the response 
to a step function excitation was obtained from the 
response to a harmonic excitation. This method is 
chosen principally because of the availability of the 
latter result® but also because of the pedagogic emphasis 
that it places on the equivalence of the two results, 
either of which may be used to analyze arbitrary dis- 
tributions of the excitation in time, by virtue of the 
Duhamel and Fourier methods of superposition, re- 
spectively, for linearized systems. 


(2) STATEMENT OF PROBLEM 


The chordwise (gage) pressure distribution—1.e., the 
force per unit chord acting on a spanwise strip at ,—on 
a rectangular airfoil of aspect ratio A.R., leading edge 


x= 


Fic. 1. Rectangular airfoil. 
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x = 0, and trailing edge x = 1 in a supersonic flow 
directed along the positive x axis with velocity U and 
Mach angle 6 (Mach Number, M = csc @), as shown in 
Fig. 1, due to a downwash angle distribution 


a(é, t) = a(€) exp (tot) 


is given by® 


P(x, t) = — () pe R(x — &)a(é, t)d& (2.1) 


R(x) = ko(x) — (BA.R.) k(x) (2.2a) 
ins) = ae — 8) + (2 +B) x 
—1wM*x wMx 
exp eo ) Jo Gal (2.2b) 
O tw 
Ri(x) = Ge + “) xX 
B20. —iwM’?x\ . /wM: 
ier, = ( BU )s Gaal eo 
6 = (M? — 1)” (2.3) 
lim f- is 9 coe ce ah (2.4) 


where Jo is Bessel’s function of the first kind and order 
zero and 4(x — &) is the Dirac delta function. The 
unit of length is taken as the chord of the airfoil, the 
notation having been slightly modified from that of 
references 4 and 6. The result is linearized and holds 
only when the Mach lines from the leading-edge cor- 
ners do not intersect on the wing. The latter restric- 
tion is met by demanding the inequality BA.R. > 2, 
although it can be shown® that the final results for the 
lift and moment coefficients are valid provided only that 
BA.R. > 1, which implies that the aforementioned 
Mach lines do not intersect the opposite wing edges. 
The downwash distribution to be considered is given 


by 


a(é, t) = f(é) 1[t — to(€)] (2.5a) 
= my lin 2 dw(e + tw)! exp [tw(t — fo)] 


(2.5b) 


1 (tf — fo) is the Heaviside step function, and Eq. 
(2.5b) introduces its Fourier representation in the w 
spectrum. This distribution is introduced in Eq. 
(2.1), and the pressure may be expressed in the form 


pl? x 
Pe) —=—— (S)f a[x — & t — t(]flé)dé (2.6) 
a(x,t) = a(x, f) — (BA.R.)—a,(x, t) (207 a) 
do, 1(x, t) = ay lim ie dw (€ + tw) —! Ro 1(x) exp (wf) 
Qa é€ — 0+ —o 


(2.7b) 
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sionless) pressure at station x due to a downwash incr 

ment at station £, which vanishes for time earlier than 
to(€) and has the magnitude f(€) for time later than f(£). 
The first term, do, gives the two-dimensional response, 
and the second term, a, gives the defect in the three- 
dimensional response, relative to its two-dimensional 
value, due to induction effects. Since the two-dimen- 
sional problem has been solved previously,1—> it 


The function alx — £ t — &t&(é)] is defined as the 
indicial admittance of the airfoil and gives the (dimenz 


suffices herein to consider the three-dimensional ney 


as described by a. 
In the remainder of this paper it will be convenient to 
make the pressure dimensionless by writing 


p(x, t) am —'(pl77 By yor t) 
x(x, t) = yo(x, t) = (GA.R.)7} v(x, t) 


(2.8) 
(2.9a) 


Yo, (x, t) = ve Qo,1 [x — &,t — w(E)|f(E)dE (2.9b) 


The problem to be solved may now be posed as: 
Given f(&), find yi(x, #); this problem has been reduced 
to two successive quadratures, as indicated by Eqs. 
(2.7) and (2.9). 

While some applications may require a direct knowl- 
edge of the pressure over the airfoil, the lift and mo- 
ment coefficients are generally the items of principal 


interest. The increments in these coefficients are given 
by 
1 
—3Cx() = (9U%/2)-* f (2p, Me (2.108) 
0 
1 
= (4/8?A.R.) vE v1 (x, 4) ae (2.10b) 
0 
1 
—6Cy(t) = (pU*/2)? ip [—2pr(x, 1)] (1/2 — x)dx 


(2.11a) 
= = 3C Gee) (x, t) dx (2.11b) 
= 75 i BAR. F XxYAX, XL. 


The moment coefficient is taken about the mid-chord, 
and the reference moment arm is the chord (= 1). 
(3) InprctaL ADMITTANCE 


Consider first the integration of Eq. (2.7b), assuming 
that reversing the order of the integrations with respect 
to £ and w is justifiable, which may be verified a poster- 
iori. Carrying out the indicated differentiation in 
Eq. (2.2c) and substituting in Eq. (2.7b) yields 


(e+ ie) x 
ahs E (: se 
(it) (2) a 


ax, ) =" (on) tin 
<-— 0+ 


4 


« 
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Fic. 2. Two-dimensional lift coefficient for sudden (unit) 
change in angle of attack. 


If the trigonometric functions in Eq. (3.1) are re- 
placed by their exponential equivalents, the result may 
be written 


it foe) 
a(x, t) = fe lim (e + ww)! X 


WT e— 0+ 


\" exp E (: = ~)| + n exp E (: _ it dw 
(3.2) 

m = (M — 1)/M (3.3a) 

n= (M+ 1)/M (3.3b) 


The integrals may be directly interpreted as step func- 
tions [cf., Eq. (2.5)], whence 


m x n x 
ay(x, ¢) = —1 (wi — *) + — 1 (wi — *) (3.4) 
2 n 2 m 
It is evidently convenient to introduce the single 
variable (x/ Ut) and restate Eq. (2.9) in the form 


iis baer Ef 
vile, t) = i {ET pene (3.5) 


a(w)=0, w<0 (3.6a) 
=1, 0<w<m (3.6b) 
=m/2, mxw<x<n (3.6c) 
=0, wr>n (3.6d) 


(4) SUDDEN CHANGE IN ANGLE OF ATTACK 


The simplest transient problem of practical interest 
is the sudden change of angle of attack (without rota- 
tion) over the entire wing. [Physically this might 
arise from a suddenly imposed, vertical (downward) 
velocity, but the primary value of the solution is as a 
basis for Duhamel integration.] Consider, therefore, 
the downwash distribution [cf. Eq. (2.5)], 


f() =1 
to(é) ——(7 


(4.1a) 
(4.1b) 
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Fic. 3. Two-dimensional moment coefficient for sudden (unit) 
change in angle of attack. 


Increment of lift coefficient due to induction effects for 
sudden (unit) change of angle of attack. 
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for which Eq. (3.4) reduces to 


LPS ee 
vee) = fa (24) ae 


It is evident that the steady-state pressure will exist 
over the entire airfoil (0 < x < 1) after a time T given 
by 


(4.2) 


T = M X (chord)/(M — 1)U (4.3) 


and it is convenient to introduce the dimensionless time 


parameter 


r = (t/T) = m Ut = [(M —1)/M|Ut (4.4) 


By substituting the indicial admittance from Eq. (3.5), Eq. (4.2) yields 


yi(x, t) x, xT 


a Te A n/ Mr 
x > (n/m)r 


NT, 


« 


(4.5b) 


(4.5c) 


The lift and moment coefficients due to the pressure distribution [Eq. (4.5)] are given by Eqs. (2.10) and (2.11). 
Adding to these results the two-dimensional coefficients of reference 4 (allowing for the differences in notation), it 


is found that 


oC: = (mn)'”? — (2BA.R.)7} | 2x - @a T 


a 


Ss 


(4.6a) 


W; é 
= epee [M(1 — nmr)] + Mae, cos7! E (1 — a) + s (2nr — n?z72 — mn)” — (2BA.R.)-! X ‘ead 
Tv T Ti Tv 
E mas = | We Pe eee) 
2 2 n 
Ste Co, ee (4.6c) 
B m?n'?(1 — m)? n n mM 
Cu = ——__ 7? + (128A.R.)— | 3 7? — 2 (2 — 2m + m?)7* |, 7 S= (4.7a) 
4 4 m m? n 
—3/, 1/, cS. 2 
ppd aes Ue, 7 COST: | ar (1 = a) oe _ (: = =) (Qnr — nr? — mn)? + 
4t T An m 
(12 BA.R.)- G fs * oe ns), a 7<1 (47) 
SGI op a (4.7c) 


Ut 
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Increment of moment coefficient due to induction ef- 
fects for sudden (unit) change of angle of attack. n 
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Fic. 6. Velocity distribution on airfoil at time ¢ after entering Fic. 7. 


sharp-edged gust. 
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Ut vs. £, as given by 
E 


Liss 
ERR 


a SS 
-n_ OE 
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The two-dimensional results C,, and Cy,, as taken 
from reference 4, are plotted in Figs. 2 and 3. The 
three-dimensional increments 6C, and 6Cy, defined in 


Eq. (5.3b), and ai(w), as given by 
R(Gha) 
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Fic. 8. Two-dimensional lift coefficient for uniform (unit) gust 
entry. 


accordance with the relations 


Cr =e Cr ae 6CL 
Cu = Cu + 6Cx 


(4.8a) 
(4.8b) 


are plotted in Figs. 4 and 5. 


(5) Gust LoaDING 


A second special case of practical importance is the 
entry of the airfoil into a sharp-edged gust. In this 
case, the downwash distribution, which is depicted in 
Fig. 6, is given by Eq. (2.5), where 


5it3 al (o:1a) 
Uiolé) =é (5.1b) 
and Eq. (3.5) reduces to 
Oe eaten, 
vi(x, t). = ff ay é = :) dé (3:2) 


In carrying out the integrations in Eq. (5.2), it is ex- 


pedient to examine the behavior of w in the (Ut, &) 


Fic. ¥. Two-dimensional moment coefficient for uniform (unit) 
gust entry. 
plane—viz., 
w= (x — £)/(Ut — £) (5.3a) 
Ut = [x + (w — 1)é]/w (5.3b) 
Eq. (5.38b) represents a one-parametric family of 


straight lines, the lines of dominant importance being 
shown in Fig. 7, together with the domains of a;(w) 
which they delineate. 

Carrying out the integration indicated by Eq. (5.2) 
with the aid of Fig. 6 yields 


SIC ey ee (5.4a) 
1 m 1 n n 

= +s (— Je CS in? 

foe (5.4) 

= 0, + = (n/m)r (5.4c) 


Adding the results of substituting this result [Eq. (5.4)] in Eqs. (2.10) and (2.11) to the two-dimensional lift 


and moment coefficients of reference 4* yields 


1/4 
B Cr (“) 7 — (2BA.R.)7} (“) Te TS te 
4 m m n 


ie R(ORAGR) 2,0 or al 


1/ 
* cos} [M(1 — nz] + - (“) 7 cos~? E (1 a "| —ega.n)M (— ey Fe 
T aw \m T. Pe 


(5.5a) 
2 *), 
2 
m/n<7r<1 (5.5b) 
(5.5c) 


* Eq. (28b) of reference 4 should have contained an additional factor of 1/x in the last term, for which reason Fig. 6 therein is 


incorrect. 
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(126A.R.)-1M |- 3 ee & *) 7 tn | ae <1 (5.6b) 


(128A.R.)-}, 
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The results of Eqs. (5.5) and (5.6) are plotted in Figs. 8-11, in accordance with Eqs. (4.8). 


Fic. 10. Increment of lift coefficient due to induction effects for 


uniform (unit) gust entry. 


REFERENCES 


1 Biot, M. A., Loads on a Supersonic Wing Striking a Sharp- 
Edged Gust, Journal of the Aeronautical Sciences, Vol. 16, pp. 296- 
301, 1949. 

2? Chang, C. C., The Transient Reaction of an Airfoil Due to 
Change in Angle of Attack at Supersonic Speed, Journal of the 
Aeronautical Sciences, Vol. 15, pp. 635-655, 1948. 

3’ Heaslet, M. A., and Lomax, H., Two-Dimensional Unsteady 
Lift Problems in Supersonic Flight, N.A.C.A. T.N. No. 1621, 1948. 

4 Miles, J. W., Transient Loading: of Airfoils at Supersonic 
Speeds, Journal of the Aeronautical Sciences, Vol. 15, pp. 592-598, 
1948. 


@ 
Fic. 11. Increment of moment coefficient due to induction ef- 


fects for uniform (unit) gust entry. 


5 Schwarz, L., Plane Non-Stationary Theory of the Wing at 
Supersonic Speed, U.S.A.A.F. Translation, F-TS-934-RE, Wright 
Field, Dayton, Ohio, 1947. 

® Naval Ordnance Test Station, The Oscillating Rectangular 
Airfoil at Supersonic Speeds, by J. W. Miles, Inyokern, Calif., 
NOTS, 1 June, 1949 (Technical Memorandum RRB-15). (Also 
in press, Quart. Appl. Math.) 


[Reprinted from The Journal of The American Ceramic Society, Vol. 33, No. 8. 


August, 1950. ] 


Wetting Properties of Some Enamel Glasses 


and Relation to Impact Resistance 


by W. J. KNAPP, C. C. SHAH, and T. J. PLANJE 


Department of Ceramic Engineering, School of Mines and Metallurgy, The University of Missouri, Rolla, Missouri 


The wetting properties of some enamel glasses on 

commercially pure enameling iron were deter- 

mined and compared with correlated impact 

resistance test results. The rate of change of 

wetting characteristics with temperature seemed 

to influence the impact resistance of the 
enameled metal. 


I. Introduction 


HE nature of the adherence of enamel glasses to iron or 

steel has been discussed by various investigators!; fac- 

tors such as the coefficient of thermal expansion of the 
glass, solubility of iron oxide in the glass, reduction of con- 
stituents and subsequent plating of metal, formation of 
dendrites, development of an interfacial layer, and others have 
been considered. The part played by adherence-promoting 
oxides, such as cobalt oxide, nickel oxide, and manganese 
oxide, in developing adherence has been studied and related 
to the foregoing factors. 

The effects of wetting agents in liquids are commonly 
known, and usually only very small additions of the agent are 
necessary to improve the wetting properties of the liquid. 
Scott? reports that the wetting abilities of cryolite melts on 
platinum at elevated temperatures were changed abruptly by 
minute additions of certain oxides, such as lead or bismuth 
oxides. An addition of lead oxide in the proportions of 
1:5000 changed the nature of the melt from wetting to non- 
wetting. Since adherence-promoting additions to enamel 
batches are usually made in amounts under 2%, a study of 
the wetting properties of enamel glasses containing similar 
additions seemed desirable. King* has suggested that adher- 
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ence is produced when the enamel glass wets the metal. The 
improvement of the wetting ability of an enamel glass should 
promote adherence by obtaining intimate contact of glass on _ 


os 


metal, but the actual mechanism of adherence probably car S 


not be explained by wetting properties alone. 

Absolute surface tension values for an enamel glass have 
been obtained by Ellefson and Taylor‘ at about 1000°C. It 
was noted that the glass wetted platinum when oxygen was 
present, but was nonwetting 7m vacuo. Harrison and Moore® 
measured the surface tension of a number of typical commer- 
cial frits at enameling temperatures by weighing the liquid 
supported by the meniscus adhering to a platinum cylinder. 

Amberg® determined the surface tension of enamel glasses 
containing various oxide additions at 1380°C. by the drop- 
weight method. He suggested the possibility of a relation be- 
tween surface tension and adherence. A number of other 
investigators’ have reported on methods for measuring abso- 
lute surface tension. 

The observations?’ * made on wetting properties of melts at 
elevated temperatures indicate the necessity of distinguishing 
between the surface tension of a glass and its wetting ability 
on a specific metal, since wetting ability is a function not only 
of the surface tension of the glass, but also of the specific at- 
traction between the metal and the glass. It seemed desirable, 
therefore, to investigate the wetting properties of some enamel 
glasses on enameling iron and to compare the results with 
correlated impact resistance values. It was assumed that 
impact resistance and adherence are related to some extent. 


(1) Wetting Properties 

The test procedure was somewhat similar to the sessile-drop 
method of Ellefson and Taylor,* and was conducted as follows: 
a 2-gm. portion of —100-mesh glass was pressed to form a cyl- 
indrical specimen 1/2 in. in diameter. The specimen was 
placed upon a 21/>- by 31/2-in. piece of prepared 18-gauge 
enameling iron, and both were placed in a tube furnace. 
Nitrogen was introduced into the furnace, and a small continu- 
ous flow of nitrogen was maintained during the test period to 
prevent further oxidation of the metal surface. The ends of 


Experimental Procedure 


yy 


the refractory tube of the furnace were covered with glass _ 


plates so that visual study of the sample was possible. 
The temperature of the furnace was increased at the rate of 
6° to 8°C. per minute. The glass specimen was observed with 
a low power telescope; and above 600°C., the drop shape was 
photographed at about 25°C. increments of temperature. 
The contact angle values and heights of the drop were deter- 
mined by measurements on enlarged photographic prints. 
The ratio of photographic enlargement was determined by 


4B. S. Ellefson and N. W. Taylor, “‘Surface Properties of 
Fused Salts and Glasses: I, Sessile-Drop Method for Determin- 
ing Surface Tension and Density of Viscous Liquids at High 
Temperatures,” J. Am. Ceram. Soc., 21 [6] 193-205 (1988). 

5 W.N. Harrison and D. G. Moore, ‘‘Surface Tension of Vitre- 
ous Enamel Frits at Near Firing Temperatures,’ J. Research 
Natl. Bur. Standards, 21 [3] 337-46 (1938); RP 1133; Ceram. 
Abstracts, 18 [1] 12 (1939). 

6 C. R. Amberg, ‘‘Effect of Molybdenum and Other Oxides on 
Surface Tension of Silicate Melts and on Properties of Refrac- 
tories and Abrasives,” J. Am. Ceram. Soc., 29 [4} 87-93 (1946) 
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Fig. 1. Diagram of furnace and apparatus for measuring apparent 


es interfacial tension. 
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Fig. 2. Diagram showing the three principal forces which act at a 

point (P) ina drop. The subscript letters g, |, and s, stand for gas, liquid, 
and solid, respectively. 


photographing a mm. scale placed in the normal sample posi- 
tion. The furnace and associated apparatus are shown in 
Fig. 1. 

The experimentation was designed to determine the wetting 
characteristics of an enamel glass on enameling iron by ob- 


7 (a) G. Quincke, Ueber die Capillaritats Constanten ge- 
schmolzener Korper,’’ Am. Phys. Chemie, 135, 621 (1868), 
“Ueber die Capillaritats Constanten geschmolzener Chemischer 
Verbindungen,”’ zbid., 138, 141 (1869). 

(b) G. Autonow, “‘Surface Tension in Different States of Aggre- 
gation,” Ann. Physik, 35, 84-96 (1939); Ceram. Abstracts, 18 
[11] 312 (1939). 

(c) C. L. Babcock, ‘‘Surface Tension Measurements on Molten 
Glass by Modified Dipping Cylinder Method,” J. Am. Ceram 
Soc., 23 [1] 12-17 (1940). 

(d) A. E. Badger, C. W. Parmelee, and A. E. Williams, ‘Surface 
Tension of Various Molten Glasses,”’ zbid., 20 [10] 325-29 (1937). 

(e) A. Dietzel, “Practical Importance and Calculation of Sur- 
face Tension in Glasses, Glazes, and Enamels,”’ Sprechsaal, 75, 82 
(1942). . 

(f) A. Dietzel, “Relations Between Surface Tension and Struc- 
ture of Molten Glass,’’ Kolloid-Z., 100, 368-80 (1942); Ceram. 
Abstracts, 22 [11] 191 (1948). 

(g) N. E. Dorsey, ‘““New Equation for the Determination of 
Surface Tension from the Form of a Sessile Drop or Bubble,”’ J. 
Wash. Acad. Sci., 18 [19] 505-509 (1928); Ceram. Abstracts, 8 
» [2] 148 (1929). 

(h) F. M. Jaeger, ““Temperature Coefficient of Free Molecular 
Surface Energy of Liquids Between 80°C. and 1650°C.,”’ Z. 
anorg. u. allgem. Chem., 101, 1-214 (1917). 

(i) C. M. Lampman, “Effect of Different Bodies on Some Wet- 
ting and Flow Characteristics of Glazes,”” J. Am. Ceram. Soc., 21 
[7] 252-58 (1938). 

(j) H. K. Livingston, “Contact Angles and Adsorption on Solid 
Surfaces,” J. Phys. Chem., 48, 120-24 (1944). 

(k) G. W. Morey, Properties of Glass. American Chemical 
Society Monograph Series, Reinhold Publishing Corp., New York, 
1938. 561 pp.; Ceram. Abstracts, 18 [2] 48 (1939). 

(1) C. W. Parmelee and K. C. Lyon, “Maximum Bubble Pres- 
sure (Jaeger) Method for Measuring Surface Tension of Molten 
Glass,” J. Soc. Glass Technol., 21 [83] 44-52 (1937); Ceram. Ab- 
stracts, 17 [8] 275 (1938). 

(m) A. D. Prater and A. E. Badger, ‘‘Correction Factor for Sur- 
face Tension of Glass by the Drop-Weight Method,” Glass Ind., 
27 [7] 339, 367 (1946); Ceram. Abstracts, 1946, Oct., p. 172. 

(n) L. Shartis and A. W. Smock, ‘‘Surface Tensions of Some 
Optical Glasses,” J. Am. Ceram. Soc., 30 [4] 130-36 (1947). 

(0) E. W. Tillotson, ‘Surface Tensions of Molten Glasses,” 
J. Ind. Eng. Chem., 4, 651-52 (1912). 
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serving the drop shape at several temperatures. Three prin- 
cipal forces act at point P (Fig. 2) of a drop, and are the inter- 
facial tensions Ts, Tsi, and T:. The subscript letters, g, /, 
and s, stand for gas, liquid, and solid, respectively. At equi- 
librium, 

ae COSIO (1) 


For a large drop at equilibrium, the interfacial tension be- 
tween gas and liquid (7,1) may be calculated by means of the 
approximation formula of Quincke :?@ 


S g’ pz? 
Fo 2(1 — cos @) (2) 


~ 


gravitational constant. 
density of glass. 

depth below apex of drop. 
contact angle. 


GAD IM 


tou i il 


For the interface between the solid and the liquid, the work of 
adhesion may be calculated by means of the following equa- 
tion :° 


W = Ty (1 — cos 6) (3) 


W = work of adhesion. 
6 = contact angle (measured through the gas phase; see Fig. 2). 


Since the measurements were made instantaneously as the 
temperature was continuously increased, the glass drop did 
not develop an equilibrium shape at any specific point of de- 
termination. The time required for the drop to assume its 
equilibrium shape is dependent on glass viscosity. Viscosities 
of the test glasses were not determined, and the extent of the 
influence of viscosity was not evaluated. Values were calcu- 
lated for Tz: and W by means of equations (2) and (3), and 
were termed ‘‘apparent,” in view of the nonequilibrium con- 
ditions. 


(2) Glass Properties 


The relative fusibilities of the glasses used were determined 
by the porcelain-fusion-block method.? The glasses were 
crushed and passed through a 100-mesh sieve; portions were 
packed into fusion blocks and heated rapidly in a furnace to 
600°C., and thereafter at the rate of 6° to 8°C. per minute. 
Temperature readings were taken when the glass flowed past 
the top and bottom reference marks. 

Glass density determinations were made by the pycnometer 
method at room temperature. 


(3) Impact Resistance 


Samples of the glass frits were milled with 6% clay and 
sufficient water to bring the specific gravity to about 1.70. 
Two- by four-inch specimens of the 18-gauge enameling iron 
were dipped into the slip, so that an application weight of 
about 20 gm. per sq. ft. per side was obtained. The speci- 
mens were fired for 3 minutes at 840°C. (Enamels contain- 
ing As.O3 and NiO, were fired for 31/2 minutes.) The falling- 
weight test! was used with modification to evaluate impact 
resistance for five specimens of each type. A steel ball was 
dropped from a small height upon a supported specimen, and 
repeated drops were made from regularly increased heights 
until failure was indicated by visual observation. The ki- 
netic energy of the ball at the impact producing failure was 
calculated and was designated ‘‘impact resistance.” The 
thickness of the fired enamels was measured with a magnetic- 
type thickness tester (General Electric Type B). 


8B. K. Rideal, Introduction to Surface Chemistry. pp. 5-6. 
Cambridge Univ. Press, 1930. 

9 A. I. Andrews, Enamels, p. 330. Twin City Printing Co., 
Champaign, Ill., 1935; 428 pp.; Ceram. Abstracts, 14 [7] 158 
1935). 

10 C, J. Kinzie, ‘Physical Tests for Vitreous Enamels,” J. Am. 
Ceram. Soc., 12 [3] 188-92 (1929). 
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Fig. 3. Microstructure of enameling iron; 250; 2% nital etch. 


Fig. 4. 


Typical enamel glass drop (Base + As2O;-750°C.). 


lll. Materials 


(1) Enamel Glasses 


A base glass composition, similar to a typical ground coat 
without the adherence agents, was used (Table I). Adher- 
ence-agent additions, consisting of Co;O4, CuO, MnO, MoOs, 
Ni3O,, WOs, As2Osz, V.O; and TiO, were made to similar 
batches in the amount of 3%. These oxides were chemi- 


Table |. Composition of Base Enamel. Glass 
Calculated 
Batch composition (%) oxide composition (%) 

Buckingham feldspar 24.9 SiO: 48.2 
Hydrated borax 34.8 Al;Os3 657 
Flint 19.9 B20; LG 
Sodium carbonate 6,5 Na,O 13/4 
Sodium nitrate 8.9 K.O (3). 
Fluorspar AY) CaO 6.1 
Adherence oxide 3.0 F 4.1 

Adherence oxide 3.7 


cally pure, and the base glass ingredients were ceramic- grade 
materials. The batches were melted in an air-gas pot fur- 
nace at 1150° to 1200°C., temperatures being measured with 
an optical pyrometer, and the melts were fritted. 


(2) Enameling Metal 


Commercially pure, 18-gauge sheet enameling iron was 
used. The microstructure of the metal is shown in Fig. 3. 
The metal was prepared by being cleaned in a boiling, com- 
mercial cleaner solution, rinsed, pickled in sulfuric acid (7% 
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Table Il. 
and Apparent Work of Adhesion (W) 
Apparent Apparéas 
interfacial work of 
Temp. tension, Tgl adhesion W: 
Glass (X65) (dynes/cm.) (ergs/cm.?) 
Base 636 oD, 212 
650 127 168 
675 (25 108 
700 27 48 
725 5 10 ; 
750 Very small Very small 
Base + 3% Co;30, 650 168 168 
675 87 83 
700 25 47 
725 3 5 
750 Very small Very small 
Base + 3% MnO, 636 241 256 
650 198 252 
675 84 127 
700 29 53 
725 7 13 
750 Very small Very small 
Base + 3% CuO 650 238 238 
685 176 188 
700 116 144 
W2o 46 80 
750 14 Pag 
775 9 19 
Base + 3% Nix;Oy: 675 382 332 
Teavl6 381 3388 
725 182 217 
750 16 31 
US 5 10 
Base + 3% As:O; 650 324 324 
688 244 230 
700 179 184 
(2) 48 81 
750 41 ial 
Wo, 3f 65 
800 35 63 
825 33 59 
850 31 56 
875 11 ae 
900 Very small Very small 
Base + 3% WOs; 636 198 198 
650 127 P52 
673 45 61 
700 22 41 
Zo 8 15 
750 4 8 
Base + 3% TiO, 650 246 246 
675 154 242 
700 47 Cl 
725 18 34 
750 10 19 
Meo Very small Very small 
Base + 3% MoO; 642 256 : 256 
650 163 172 
675 91 113 
700 28 51 
725 of 13 
750 Very small Very small 
Base + 3% V20s 640 249 206 
650 132 116 
675 54 81 
700 26 46 
725 15 29 
750 4 8 
U5 Very small Very small 
H.SO,, 60°C., 15 minutes) and neutralized (0.30% borax 


solution, 60°C., 10 minutes). 


IV. Results 


A photograph of a typical enamel glass drop is shown in 
Fig. 4. Values for apparent interfacial tension between gas- 
liquid (glass), J, and for apparent work of adhesion, W, are 
given in Table II. Values of 7,; are plotted for several tem- 
peratures in Fig. 5. 
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Fig. 5. Apparent interfacial tension—gas-liquid vs. temperature: A, (a) base; (b) base + CozO,4; (c) base + TiOx; (d) base + CuO; (e) base + 
As.O;3; B, (f) base + MnO»; (g) base + MoO3; (j) base + NisO,; (k) base + WOs. 


Table Ill. Enamel Fusibility and Impact Resistance Values 


End point Temp. interval Impact resis- 


(°C.), fusion (oC) efor tance (X 108) 

Enamel glass block test flow (ergs) 
Base 750 46 5.8 
Base + 3% CozO, 735 4 1s, 
Base + 3% CuO 755 35 eal 
Base + 3% MnO, 720 28 6.5 
Base + 3% MoO; 745 36 4.6 
Base + 3% NizO, 820 84 4.5 
Base + 3% WO; 740 62 Av Us 
Base + 3% As,0; 880 i531 2 
Base + 3% V20; 25 37 Bil 
Base + 3% TiO: 750 4] 1 & 


Table IV. Rate of Change of Apparent Interfacial Tension 
(Gas-Liquid) with Temperature vs. Impact Resistance 


Rate of change 
of apparent 
Toit with temp. 


6 Tol ee 
6 temp. (ergs) 

Glass type (dynes/cem./°C.) (X 108) 
. Base 3.22 5.8 
Base + 3% Co;30, 2.92 ie 7 
Base + 3% CuO 2.56 ‘Vial 
Base + 3% MnO, 3.34 6.5 
Base + 3% MoO; 3.44 4.6 
Base + 3% NiszOx 18.5 Ae 
Base + 3% WO; 3.91 4.5 
Base + 3% As.O; 5.16 PA ll 
Base + 3% V2.0; 4.12 Py I 
Base + 3% TiO, 4.16 15 


Enamel impact resistance and fusibility results are given 
in Table ITI. 


V. Discussion 
Enameling iron usually is thought to possess a surface layer 


(dynes per cm. per TC.) 
A 


g 
Q 
a 
ma) 
2 
O 4q 8 12 
/mpact resistance, ergs (x /0®) 
Fig. 6. Impact resistance and rate of change of apparent interfacial sur- 


face tension (gas-liquid) with temperature. 


of iron oxide after metal preparation for commercial enamel- 
ing. As a typical commercial method was used to prepare 
the iron used in experimentation, the results actually concern 
the wetting behavior of some enamel glasses on a surface which 
was composed chiefly of iron oxide. 

In discussing the wetting behavior of a liquid drop, Barrett 
and Taylor! define a contact angle of 90° as the criterion of 
the temperature at which wetting begins; and this precedent 
was accepted for the considerations presented herewith. 

Most of the curves presented in Fig. 5 have portions which 
display approximately linear relations of apparent 7, and 
temperature. Table IV and Fig. 6 show values for the mean 


11. P. Barrett and J. A. Taylor, ‘‘“Method for Studying Flow 
Characteristics of Glasses and Slags at Elevated Temperatures,” 
J. Am. Ceram. Soc., 19 [2] 39-44 (1936). 
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6 T, 
rate of change of apparent 7, with temperature ( 5 Ta. ) and 


Tal values were obtained by calcu- 
6 temp. 
lating the slopes of the linear portions of the curves in Fig. 5. 
Some possibility of a relation between impact resistance and 

6 T 1 
6 temp. 
of temperature ranges of varying magnitudes over which 
wetting may occur. If the mechanism responsible for adher- 
ence were made operative over a longer temperature interval 
of firing by virtue of an increased period of wetting, better 
adherence and impact resistance might result. 

No relations or conclusions could be made with values ob- 
tained for apparent work of adhesion; this suggested that the 
mechanism of adherence may not be accounted for entirely 
by wetting properties alone. 


impact resistance. 


is indicated in Fig. 6; this may be due to the existence 
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Vi. Conclusions | ee 


(1) It is desirable to distinguish between the absolute sur- 
face tension of a glass relative to air and its wetting ability on | 
a specific surface for correlation with the adherence of enaygiim> 
glasses on metal. & 

(2) The rate of change of wetting ability with temperature 
of glasses may influence the progress of the mechanism re- 
sponsible for adherence. 

(3) The experimental procedure described may suggest a 
control method for evaluating the wetting properties of en- 
amel glasses. 
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